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The making and breaking of O–O bonds has implications ranging from artificial 
photosynthesis and water oxidation to the use of O2 as a selective, green oxidant for 
transformations of small molecules. Oxidative generation of O2 from coupling of two H2O 
molecules remains challenging, and well defined systems that catalytically evolve O2 are 
exceedingly rare. Recent theoretical studies have invoked metal oxyl radicals (LnM=O•) 
containing a singly occupied M-O π-type orbital as precursors to O–O bond forming 
events in both biological and synthetic water oxidation catalysts. However, the lack of 
stable metal oxyl complexes makes it difficult to explore and understand this hypothesis. 
The activation of dioxygen (breaking of O–O bonds) to produce terminal metal oxos also 
remains a challenge. There is an inherent kinetic barrier to the spin-forbidden reactions 
of triplet dioxygen, and features that engender selective O2 reduction are not easily 
transferable from system to system. The primary thrust of this thesis work has been to 
elaborate new methods to generate well-defined metal oxyl radicals for studies of their 
reactions in radical bond-forming reactions. 
Chapter 1 discusses a general and broad overview of the relevant background 
pertaining to the thesis work. Specifically, this chapter touches upon the significance and 
challenges of making and breaking O–O bonds, the state of the art methods in both 
biological and synthetic systems for achieving this reactivity, and the use of redox-active 
“non-innocent” ligands as electron reservoirs. 
Chapter 2 highlights how oxorhenium(V) complexes containing redox-active 
ligands can be utilized to effect clean bimetallic cleavage of dioxygen. Through a 
rigorous and detailed kinetic study supplemented by computational investigations, it was 
determined that electronic coupling to the redox-active ligands lowers the kinetic barrier 
to O2 activation by facilitating formation and stabilization of intermediates containing 
 xix 
reduced oxygen adducts. The dioxygen cleavage occurs by a net 2e- process through a 
series of 1e- steps mediated by the redox-active ligands. 
Chapter 3 details how oxorhenium(V) complexes deoxygenate nitroxide radicals. 
This reaction is unusual in that nitroxides are poor oxygen atom donors and are used 
primarily as radical traps. The key to these types of systems is that the coordination to 
redox-active ligands affords access to 1e- redox reactions while preserving the ability of 
the metal to mediate 2e- oxo-transfer reactivity. Most importantly, these reactions show 
how ligand-centered radicals can facilitate radical reactions at a distal site in the same 
molecule. 
Chapter 4 explains how to trap high-valent oxorhenium complexes containing 
ligand-centered radicals. Isolation of these species can be accomplished by oxidation 
with strong chemical oxidants in the presence of trapping agents. These diradical 
complexes are antiferromagnetically coupled to produce a diamagnetic ground state. 
The redox-active ligands facilitate Re–X radical-like bond forming reactions at the metal 
center. 
Chapter 5 discuses how to make and isolate “masked” oxyl complexes and their 
reactivity towards radical bond-forming reactions. The previous chapter discussed how 
coordinatively unsaturated oxorhenium complexes containing redox-active ligands acted 
like metalloradicals and not the desired oxyl radical. In order to direct the bond-forming 
reaction at the terminal oxo new synthetic routes were developed to prepare 
coordinatively saturated oxorhenium(V) and dioxorhenium(VII) analogs that are 
precursors to six-coordinate S = ½ "masked” oxyl radicals. 
Chapter 6 discusses a brief summary of the major results presented in Chapters 





1.1 The Significance and Challenges of the Assembly and Disassembly of 
Dioxygen. 
It has been predicted that by the year 2050 the world’s energy consumption will 
increase to be in the range of 30-40 TW, which is more than a 100% increase with 
regards to what we consumed in the year 2004.1- 3
The topic of this thesis will address one fundamental reaction behavior that has 
relevance to clean energy production in regards to the above concern. Specifically, it will 
address fundamental issues at the oxidative side of water splitting and how to both 
generate O–O bonds as well as break them. Both 5- and 6-coordinate oxorhenium 
complexes have propensity for performing multielectron redox reactions,
 Fossil fuels are capable of meeting 
such a demand. However, the elevated CO2 emissions would produce catastrophic 
consequences for our planet.2,3 To effectively reach this demand, new methods of using 
existing carbon fuels as well as new low-carbon fuels must be developed.  
4,5
1.1.1 O2 Assembly 
 however, 
they are poor at doing single electron radical reactions. The strategy is to utilize redox-
active ligands which are capable of providing redox equivalents for multielectron 
reactions, therefore allowing access to low barrier, radical-like reactivity without inhibiting 
the 2e– redox selectivity. The next few sections will discuss the challenges of O2 
assembly and activation, and how both nature and current synthetic systems address 
these two reactions, followed by a detailed strategy that we are applying towards this 
goal. 
The amount of energy that strikes the earth from the sun in one hour could 
supply the world’s energy demands for an entire year,6 but only a minute fraction is 
 2 
utilized and applied to the current energy system. The problem in using this energy 
arises from a lack of sufficient means of capturing and storing the energy from sunlight.7
3
 
To rectify this problem, a lesson can be taken from nature to capture and store the solar 







Photocatalytic splitting of water into hydrogen and oxygen using solar energy is a 
potentially clean and renewable source for hydrogen fuel (eq. 1-3).2,3,6- 13 Presently, the 
solar-to-hydrogen energy conversion efficiency is too inefficient to be economically 
competitive.14 The more difficult part of the reaction is the oxidation of water to make O–
O bonds (eq. 1). At first glance one might think that the synthesis of a diatomic molecule, 
O2, would be easy, but it is a much more complicated problem. The thermodynamics of 
making oxygen from water are demanding: 1.23 V (vs. NHE, pH = 0) (Figure 1.1).15 A 
reaction pathway involving a single electron transfer and ●OH as an intermediate require 
strong oxidizing agents E°(●OH/H2O) = 2.31 V (vs. NHE at pH = 0). The two-electron 
oxidation via hydrogen peroxide intermediate formation would be more favorable, but is 
still 0.53 V less favorable then the overall four-electron transformation. The reaction 
pathway becomes more favorable with each additional consecutive electron transfer with 
transferring all four at once being the most favorable (Figure 1.1). The reaction is 
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mechanistically challenging and not well understood. This will be discussed in more 
detail in section 1.3. 
 
Figure 1.1. Redox potentials of one–, two–, three–, and four–electron oxidation of water. 
Adapted from reference 13. 
 
 
During the process of water oxidation by metal catalysts, an exceptionally strong 
metal oxygen (M=OOxo) bond is typically produced prior to O2 generation. In order to 
complete the catalytic cycle, these highly stable bonds need to be activated by either the 
direct or indirect capture of solar energy to produce dioxygen and regenerate the 
catalyst (Scheme 1.1). This step in the oxidation process remains the greatest 
challenge.7,16,17
 
 There are two competing hypotheses that will be discussed in section 









1.1.2 Introduction to O2 Activation: Dioxygen Disassembly 
The challenges of making O–O bonds were discussed in the previous section. 
This section will focus on the challenges of the microscopic reverse, breaking O–O 
bonds. The activation of molecular oxygen is also important and essential to energy 
demands in that it would serve as the ideal terminal oxidant due to its abundance and 
benign byproducts.18- 21 Thermodynamically dioxygen should be reactive. However, 
under ambient conditions it remains inert towards combustible materials such as wood 
and fossil fuels. This lack of reactivity derives from a kinetic inertness, resulting from the 
triplet ground state of O2. This barrier can be overcome when O2 is reacted with species 
that can undergo single-electron transfer reactions, such as radicals (S = ½), 
photochemically generated triplet excited states (S = 1), or paramagnetic metal centers 
(S ≥ ½). But these reactions tend to produce unselective products.22
Utilizing O2 as a selective, catalytic oxidant by coupling to transition metals is 
challenging for several reasons.
 
23 Reduction of O2 by transition metals to produce two 
M=OOxo is a 4e– process that typically proceeds in multiple steps. This often leads to O–
O bond homolysis and uncontrolled formation of metal oxides in which the oxo-groups 
are bridged between multiple metal centers.24 These species tend to be unreactive 
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towards oxygen atom transfer reactions and thus less useful for selective oxidation 
chemistry. 
1.2 Nature’s Solution to the O2 Challenge 
Over the course of millions of years of evolution, nature has been able to fine 
tune and perfect the process of making and breaking O–O bonds. Specifically, biological 
systems have developed classes of enzymes to handle these two different reaction 
types. For example, photosystem II (PSII) performs water oxidation (O2 assembly) and 
oxygenases carry out dioxygen activation (O2 cleavage). 
1.2.1 Oxygen Evolution 
Plants, algae, and cyanobacteria harvest solar energy to oxidize water and 
evolve O2. This process is performed by the oxygen evolving complex (OEC) in PSII. 
7,8,25 PS II uses light to produce a charge-separation reaction that results in the reduction 
of plastiquinone (PQ), the oxidation of water, and the generation of a proton gradient 
across the chloroplast thylakoid membrane. The overall reaction requires four 
photochemical, charge-separation reactions (eq. 4).26- 29 This four photon cycle was first 
observed by Joliot and coworkers in flash experiments, which led to Kok’s proposal of 
the store- or S-state cycle (Scheme 1.2).30,31
 
 As a direct result of this light-driven 
reaction, water is oxidized to dioxygen. Each advancement in the S-state has since been 











The structure of PSII and the mechanism of O2 evolution in photosynthesis has 
been the focus of extensive research over the past 30-40 years.2-13,32- 41
25
 However, even 
with the vast amount of research on the topic, the exact mechanism and structure 
remain debatable. The OEC consists of a tetranuclear manganese cluster and an 
associated redox-active tyrosine, -29 YZ. PSII contains a chlorophyll complex, P680 that 
undergoes a light-induced charge separation, reducing the PQA, which in turn reduces 
PQB. P680+ is then reduce by the redox-active YZ to form a neutral tyrosyl radical YZ●, 
and finally YZ● is reduced by the manganese cluster. The exact structure and orientation 
of the tetranuclear manganese core during oxygen evolution has been the subject of 
recent spectroscopic studies using X-ray absorption and electron paramagnetic 
resonance (EPR), which have led to some detailed proposals of the structure.42 
However, the most well accepted structure, today, is the cubane-like structure consisting 







Figure 1.2. A ball and stick representation of the structure of the Mn4Ca cluster in 
photosystem II. The structure was obtained from X–ray spectroscopy (XANES, XAFS, 
and X-ray crystallography) of a crystal of the photosystem II reaction centre. Shows four 
Mn atoms (red; A–D), five O atoms (green), and a Ca atom (yellow).  
 
 
The exact mechanism of biological O-O bond formation is also under much 
debate and controversy in the literature. There are two prevalent theories on the 
mechanism of water oxidation: Acid-base (AB) and radical coupling (RC) (Scheme 
1.3).44 The AB hypothesis of water oxidation consists of a nucleophilic attack by an 
oxygen nucleophile (hydroxide ion, water, or an M–OH) on a high-valent, electrophilic 
















There have been some recent computational studies that propose an alternative 
mechanistic possibility of water oxidation that occurs via a RC of two oxygen-based 
radicals.40,46- 51
45
 The RC hypothesis consists of radical coupling of a high-valent metal 
oxyl radical (M=O●) with another oxygenic radical (Figure 1.3b). ,45  
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1.2.2 Activation of Dioxygen via O2 Cleavage. 
Biological oxidations by molecular oxygen can roughly be divided into two 
categories: (1) Oxidations where the O2 serves as an electron sink, typically producing 
H2O2 or H2O,15,52,53 and (2) Oxygenations where the O2 is partially or fully incorporated 
into the oxidation product.54,55
56
 This section will only discuss the 2nd category. These 
reactions are carried out by enzymes usually containing transition metals, however, they 
are not a requirement.  There are examples of non-metal based monooxygenases such 
as flavin (nucleotide)-dependent monooxygenases that will not be discussed.56
56
 The 
oxygenation enzymes can be further categorized into monooxygenases, which 
incorporate only a single oxygen atom from O2 into the substrate and the other is 
reduced to water, and dioxygenases which incorporate both oxygen atoms into the 
substrate.  
Monoxygenases are enzymes that incorporate only one oxygen from dioxygen 
into the oxidized substrate while the other is reduced to water. Cytochromes P450 
(P450) will be used as an example to explain how biological systems have tackled the 
challenge of activating O2. P450 are monooxygenases found in nearly all living 
organisms. They catalyze a diverse set of oxidations, such as hydroxylation of strong C–
H bonds in hydrocarbons, epoxidations of alkenes, and oxidation of primary amines to 
ketones, among many others.
1.2.2.1 Monooxygenase 
57
The active site of P450 contains a heme iron center. The iron is tethered to the 
P450 protein via a 
 Four electrons are necessary to cleave dioxygen to 
formally produce two equivalents of oxo anions ([O]2–). In hydroxylation reactions, one of 
these anions combines with two protons to form water while the other is inserted into a 
C–H bond of the substrate to produce a C–OH bond.  
thiolate ligand derived from a cysteine residue.  P450 catalyzes a vast 
variety of reactions, however, a generalized mechanism can be proposed (Figure 1.4).57 
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In general, the iron center is reduced by a single electron prior to dioxygen coordination 
(3-5 in Figure 1.4). Another electron transfer process occurs to produce an iron peroxo 
species which then undergoes two proton transfer steps to release water and oxidize the 
iron center by two electrons to produce a highly reactive high-valent iron-oxo containing 
a porphyrin radical (6 and 7 in Figure 1.4). This high-valent iron-oxo termed “compound 
I” is believed to be the oxidizing species, and the reactivity is often attributed to the 
ground state diradical structure of the active site.57 This is an overall four-electron 
process to produce a high-valent M=O, which is then inserted into a C–H bond to 














Dioxygenases catalyze the incorporation of both atoms of O2 into substrates. 
When both oxygen atoms are incorporated into the same molecule it is referred to as an 
intramolecular dioxygenase; when the two atoms are incorporated into two products it is 
an intermolecular dioxygenase.
1.2.2.2 Dioxygenase 
58 A common step in oxygenase reactivity is cleavage of 
the dioxygen O–O bond to generate a transition metal oxo complex.59- 62
59
 Bimetallic O2 
activation is frequently observed with metalloenzyme dioxygenases. ,60,63
60
 Despite 
structural differences between the dioxygenases they tend to share general, key 
features and proceed by similar mechanisms.  The similar mechanisms propose that O2 
coordinates with concomitant oxidation of the metal complex by a single electron. 
Following coordination an electron transfer event takes place to produce a bridging 
peroxo or superoxo species. From here the O–O bond is cleaved and generates two 
oxidizing M=O fragments which incorporate the oxygen atom into the substrate(s).60 
In sum, the general features of dioxygenases that engender dioxygen activation 
are as follows (1) vacant coordination sites to allow for coordination of the substrate and 
molecular oxygen, (2) the ability to form a peroxo bridged species, and (3) the ability to 
perform four sequential one-electron redox events leading to the cleaving of dioxygen. 
1.3 Synthetic Approaches to O2 Assembly and Disassembly 
The previous sections discussed the challenges with molecular assembly and 
disassembly of O2 and how nature has approached the issue. The following section will 
discuss how chemists are approaching the challenge synthetically. 
1.3.1 Water Oxidation Catalysts 
The goal of artificial photosynthesis is to use the energy of the sun to produce 
high-energy chemicals for energy storage and conversion. A key half reaction in both 






(E° = –1.23 V at pH = 0, –0.82 V at pH = 7). Finding catalysts to carry out this reaction at 
high rates for sustained periods has been problematic given the mechanistic 
requirements imposed in removing four electrons and protons from two water molecules 
with formation of an O-O bond.64- 66 Even though water oxidation has been studied to 
great extent over the past 30-40 years, there are only a handful of water oxidation 
catalyst and even less that are well understood mechanistically.67– 78
There are diverse arrays of methods being undertaken in order to tackle the 
challenge of water oxidation that range from homogenous catalysis to generation of 
OEC-like metal cubanes via electrodeposition. The first well-defined water oxidation 
catalyst was Meyer’s “blue dimer” (Figure 1.5).
 
79 The oxidative equivalents in this system 
come from Ce(IV) to produce a O=Ru(V)–O–Ru(V)=O dimer, the active species in water 
oxidation. It was initially unknown if oxygen evolution occurred via coupling of two metal 
oxos (Scheme 1.4a) or nucleophilic attack of a water molecule on a single oxo ligand 
(Scheme 1.4b).80 However, recent detailed labeling studies have shown that the 
mechanism proceeds by nucleophilic attack of a water molecule on a single oxo ligand 
to produce O2 (AB-type mechanism).81- 85
 
 This was further supported by the discovery of 



















The “blue dimer” has evolved over the years into a more efficient water oxidation 
catalyst with many derivatives.86- 90 However, as notable as these catalysts are, there are 
still many flaws. Ruthenium is a rare and expensive metal which makes it not ideal for 
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use as a catalyst. This system also requires the use of stoichiometric oxidants to 
generate the active, oxidizing Ru(V)=O species. Recent progress by Meyer and 
coworkers has led to the removal of chemical oxidants by attaching the catalyst to an 
electrode surface.91- 93 This allows for electrochemical, catalytic water oxidation, but still 
requires a great deal of energy due to the overpotential of ~600 mv.91 It is noteworthy to 
mention the more recently developed manganese and iridium catalysts.94- 98
Nocera and coworkers have developed easily prepared, earth-abundant catalysts 
consisting of cobalt or nickel that oxidize water.
 These 
systems have improved on the efficiency of water oxidation compared to the “blue dimer” 
and are believed to react by analogous mechanisms. 
99,100
99
  They showed that electrolysis of 
Co2+ or Ni2+ in pH 7 phosphate (Pi or MePi) or borate (Bi) electrolytes effects the 
electrodeposition of a highly active water oxidation catalyst as an amorphous thin film on 
an inert indium-tin-oxide (ITO) or fluorine-tin-oxide (FTO) electrode. -102 In contrast to 
spinel and perovskite metal oxides that oxidize water under highly alkaline conditions103
The exact structure and mechanism of these amorphous films have yet to be 
determined, however, significant work has been done to elucidate them. There are two 
proposed structures of the active species in water oxidation that are under debate in the 
literature (Figure 1.6).
 
or homogenous Ru catalyst that utilize Ce(IV) under acidic conditions, the 
electrodeposited cobalt-phosphate compound is among the few catalysts for which 
activity at neutral pH has been demonstrated.99,101,102,104,106,107 Among the water oxidation 
catalysts, this system is unique in that it does not involve a precious metal constituent. 
This catalyst system is made more unique by the fact that it undergoes a self-repair 
process. Any Co2+ formed and released into solution during water-splitting catalysis will 
be redeposited upon oxidation to Co3+ in the presence of phosphate. The ability to self-
repair allows for a structurally less stable catalyst without inhibiting its catalytic function. 
104,105 Dau and coworkers favor a corner-sharing cubane structure 
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(Figure 1.6 b and d) deduced from XAS data relating to the bulk of the cobalt catalyst 
film (CoCF). However, Nocera and coworkers favor an edge-sharing molecular cobaltate 





Figure 1.6. Structural models for Co–Pi. Bridging oxo/hydroxo ligands are shown in red, 
nonbridging oxygen ligands (including water, hydroxide, and phosphate) and are shown 
in light red and Co ions in blue. (a) Edge–sharing molecular cobaltate cluster (MCC) 
model for surface Co–Pi. (b) Corner–sharing cubane model for surface Co–Pi. (c) Edge–
sharing MCC model for bulk Co–Pi. (d) Corner sharing cubane model for bulk Co–Pi.  
 
 
The exact mechanism of water oxidation by these catalysts has not been 
determined irrefutably, but mechanistic proposals are supported by XANES,104 EPR,106 
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electrochemical kinetics,107 107 and 18O labeling studies.  Previous studies on the cobalt 
valency showed that cobalt centers attained an oxidation state of +IV during water 
oxidation catalysis. The current mechanistic hypothesis is believed to be a rapid, one 
electron, one proton equilibrium between CoIII–OH and CoIV–O in which a phosphate 
species is the proton acceptor, followed by a chemical turnover-limiting process involving 
O–O bond coupling between two high-valent cobalt oxyl radicals (Figure 1.7).107 This 
catalyst appears to have a RC-type mechanism while the homogenous, single-site Ru 
and Ir catalysts appear to have an AB-type mechanism.79-90 
 
 
Figure 1.7. Proposed pathway for the OER by Co–Pi. A proton coupled electron transfer 
(PCET) equilibrium proceeded by a turnover-limiting O–O bond forming step is 
consistent with current dependencies on proton and electron equivalencies. Curved lines 
denote phosphate, or OHx terminal or bridging ligands.  
 
 
1.3.2 Oxygen Activation Catalysts 
Activation of molecular oxygen is the topic of chapter 2 and will be discussed in 
more detail then. 
1.4 Introduction to Redox-Active Ligands 
There is a necessity for metal centers to provide two or more redox equivalents 
in selective multielectron reactions to avoid unfavorable oxidation states or too stable 
high-valent, multiply bonded metal-substrate intermediates. Biological systems utilize 
three main strategies for multielectron chemistry at base metals: (1) between two 
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substrate-binding metal ions working in concert, (2) between the metal ion reaction 
center and its redox-active ligand, and (3) between the substrate-binding ion and a 
neighboring redox-active cluster. These three strategies can serve as an inspiration for 
chemists attempting to approach nature’s efficiency, selectivity, and control in small 
molecule management. Specifically, the vast majority of inorganic chemistry has dealt 
with metal ions containing redox-inert ligands, which leaves the above three strategies 
open to experimentation. 
This thesis explores strategy (2), that is, the use of a redox-active ligand working 
together with the metal ion as the redox center. Traditionally, inorganic chemists use 
ancillary ligands to block coordination sites, and adjust steric and electronic properties at 
the metal center. By allowing supporting ligands to undergo redox changes unfavorable 
metal oxidation states can be avoided. This allows for the development of new catalysts 
where the redox system is not restricted to the metal ion.  
1.4.1 Historical Overview 
The oxidation states of  certain ligands in coordination complexes are ambiguous 
because the most stable oxidation state of the ligand in the free form does not 
necessarily describe its behavior when coordinated to a metal ion. Nitric oxide, ●NO, is a 
good example.108 Coordination compounds containing nitric oxide usually consider it 
formally as either the cation NO+, isoelectronic to CO, or the anion NO–, isoelectronic to 
O2. For example, a reaction of NO gas with iron(III) octaethyl- or tetraphenylporphyrin 
yields a linear Fe–NO unit formally assigned as Fe(II)(NO+).109,110
Nitric oxide is considered a redox-active ligand in the sense that its oxidation 
state in complexes can be different from that of the free ligand form. However, it does 
not usually show any redox changes once coordinated.
 
111- 114 For that reason they are 
not used as supporting redox agents in coordination compounds. 
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Here, “redox-active” ligands will refer to an organic molecule or ion that is able to 
coordinate to a metal ion in a certain oxidation state, and once coordinated change its 
oxidation state upon reaction with redox agents. 
The first example of such behavior was a nickel dithiolene complex studied in the 
1960’s (Scheme 1.5).128 It was investigated by magnetometry, EPR, and electronic 
absorption spectroscopy, initially by Schrauzer and Mayweg,115,116 then in great detail by 
Davison and Holm117- 123 and by Gray.124- 128
115
 Controversy arose because EPR 
parameters showed the presence of unpaired spin density on the central metal, 
therefore it cannot be Ni(IV). After debate going back-and-forth in the literature -128 it 
was recognized that the electronic structure consisted of mostly ligand-based radicals 
with stabilization through covalent binding to the transition metal.129
 
 This is significant 
because it showed that the ligand could support a radical. 
 












1.4.2 Determination of Metal and Ligand Oxidation State 
Determination of oxidation states of transition metals containing redox-active 
ligands is often complicated.108-129 Redox-active ligands exist in multiple oxidation states 
which leads to changes in the bond distances of the ligands. This allows for high 
resolution X-ray crystallography to be used as a tool for identifying oxidation states of the 
ligand due to distinct bond distances observed for each ligand oxidation state. 
A wealth of literature has been compiled over the past 30 years containing 
metrical parameters for redox-active ligands in various oxidations states as well as 
coordinated to various metal centers.130-150 Wieghardt and coworkers are the leading 
experts in finding and assigning oxidation states of redox-active ligands using X-ray 
crystallography paired with spectroscopic techniques.130- 136 For example, they have 
synthesized a manganese complex with two amidophenol-derived ligands that are 
distinguishable by their bond lengths (Figure 1.8).137
 
 The localization of spin density is 
evident by the loss of aromaticity in the ring. The ring takes on a quinoid-like pattern of 
four long and two short C–C bonds and contraction of the C–N and C–O bonds (Figure 
1.9B). Assignments of ligand oxidation states of non-innocent ligands continue to 
become easier as more high-quality crystal structures become available. 
 
 
Figure 1.8. Relevant bond distances for (A) iminoseniiquinone (isqPh) and (B) 
amidophenolate (apPh) ligands of MnIII(isqPh)2(apPh). Adapted from reference 127. 
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1.4.3 Electron Coupling and Valence Tautomerism 
The presence of multiple resonance structures not only affects oxidation state 
assignments, but also affects electronic coupling and valence tautomerism. Multiple 
variables, such as geometry and coordination number, affect the degree and type of 
electronic interaction between redox-active ligands and metal centers, but their influence 
is still not fully understood.138 For example, in a series of copper(II) complexes the 
antiferromagnetic coupling between two semiquinone ligands and ferromagnetic 
coupling between the ligand and the metal center is controlled by the addition of a 
neutral ligand (Figure 1.9).138
 
 These coupling assignments suggest communication 
through the linking metal center with disruption by donation into the metal orbitals by the 
pyridine based ligands. Further research is needed in order to understand these 
changes and to be able to formulate rational predictions of electronic coupling. 
 
 
Figure 1.9. Spin–Coupling of copper semiquinone complexes.  
 
 
The frontier π-orbitals of quinoid-like, redox-active ligands are close in energy to 
properly matched valence d-orbitals of transition metals. The spatial and electronic 
proximity of these orbitals allows intramolecular, interligand exchange of electrons 
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between mixed-valent ligand systems. In these systems an equilibrium exists between 
the Mn+1(L) and Mn(L●) redox isomers.139–141
 
 For example, the 2,2’-bipyridine (bpy) 
adduct of Co(tBu2sq)2 [Where tBu2sq = 3,5-di-tert-butylsemiquinone] actually exists as a 
Co(III) metal center with a mixed-valent ligand set at room temperature in the solid state. 
However, when in solution and at elevated temperatures, the major species is a Co(II) 
metal center with two ligand radicals (Figure 1.10).  
 
 
Figure 1.10. VT equilibria of CoII(bpy)( tBu2sq)2 and CoIII(bpy)( tBu2cat)( tBu2sq).  
 
 
1.5 Reactivity Studies Utilizing Redox-Active Ligands 
There is great interest in the activation of small molecules such as O2, N2, and 
CO2 as well C–H and C–R bonds.142- 150 The redox-active properties of transition metals 
have usually been used for the activation of small molecules.142-146 In general, 
coordination of small molecules to transition metal centers significantly affects their 
redox potentials. The binding of small molecules to metal ions enables an inner-sphere 
electron transfer process which facilitates their oxidation or reduction depending on the 
electronic and redox properties of the metal center.140-150 These processes represent the 
elementary steps behind the metal complex-assisted activation of small molecules.  
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There are however, limitations to the utility of transition metals for small 
molecules activation. The reactivity of the 3d metals usually diverges significantly from 
4d and 5d metals. The 3d metals prefer changes in oxidation state that vary by a single 
electron where the 4d and 5d metals tend to avoid odd electron counts and prefer two 
electron changes in oxidation state.151-152
151
 From this, the 3d metals tend to activate small 
molecules via radical pathways. This usually leads to unselective reaction products or 
they select for undesirable products.  On the other hand, the 4d and 5d metals tend to 
avoid radical pathways facilitating selective and controlled redox reactions. However, 
this same trait limits their substrate options. For example, they tend to not react with 
radical species.153,154
147
 The use of redox-active ligands to store and deliver redox 
equivalents has shown success in combining the best of early and late metals ,149,156-160 
This method provides a new strategy for activation of small molecules. 
1.5.1 Redox-Active Ligand-Mediated Small Molecules Activation 
Catecholates, amidophenolates, and bis(iminopyridine) ligands have shown great 
success in the ability to facilitate activation of small molecules.155 160-  These ligands can 
coordinate as a fully reduced catecholate-like, a singly oxidized semiquinonate-like, or a 
fully oxidized quinoid-like molecule (Scheme 1.8). The redox potentials of these three 
oxidation states normally fall within the envelope of metal-centered valence changes, 
leading to the observation of non-innocent behavior, which has been elucidated by 
spectroscopic, electrochemical, and reactivity studies.150 The non-innocence of these 
ligands derives from the mixing of ligand-based π-orbitals and metal based d-orbitals.  
The work of Chirik, Heyduk, and Soper has pioneered the field of small molecule 
activation facilitated by redox-active ligands. Heyduk’s work has focused on using redox-
active ligands on d0 metals to bring late-transition-metal reactivity to early metals.156,157 
For example, a d0 Zr(IV) center with two redox-active amidophenolate ligands, 
ZrIV(aptBu)2(THF)2 [where ap = 2,4-di-tert-butyl-6-tert–butylamidophenolate], is capable of 
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performing oxidative addition of Cl2 to produce ZrIV(isqtBu)2(Cl)2 [where isq = 2,4-di-tert-
butyl-6-tert-butyliminosemiquinonate] (Scheme 1.6). The Zr(IV) center contains zero d-












The work of Chirik and coworkers, and Soper and coworkers has focused mainly 
on later 3d-metals containing redox-active ligands in attempts to mimic the typical 2 
electron reactivity of the heavy elements, i.e. Pd and Pt. For example, Chirik and 
coworkers have had great success in utilizing the redox-active ligand bis(imino)pyridine 
to perform multielectron N2 and C–H activation on iron, among others.147-150 The metal 
typically favors single electron changes in oxidation state that tend to lead towards 
unselective radical pathways. The ability of the redox-active ligand to store and deliver 
redox equivalents allows the iron center to perform multielectron reactions while avoiding 
the unselective, radical pathway. 
Recent works from Soper and coworkers have shown the utility of redox-active 
ligands to mediate bond-forming reactions at 3d metals.158- 160 They have shown that 
redox-active ligands facilitate 2e– C–C bond-forming reactions at metal centers that 
typically favor single electron changes in oxidation states. For example, they prepared 
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square planar cobalt complexes containing redox-active amidophenolate ligands that are 
strong nucleophiles but mild 2e– reductants. The redox-active ligands serve as reservoirs 
that facilitate well-defined 2e– pseudo-oxidative addition and reductive elimination 
reactions at cobalt(III), comprising both steps of a catalytic cycle for Negishi-like cross-




Figure 1.11. Proposed reaction pathway for redox-active ligand-mediated cross-coupling 
showing (a) pseudo oxidative addition of alkyl halide and (b) organozinc reagent 
followed by (c) pseudo reductive elimination to produce a new C–C bond where the 
cobalt center maintains a formal oxidation state of +3 throughout the reaction.  
 
 
The utility of redox-active ligands have also showed recent success in dioxygen 
activation. However, the features that affect the degree of activation, 1e– to 4e–, and 
selectivity are not generalizable. For example, Abu-Omar and coworkers have 
synthesized a d0, zirconium(IV) complex containing two redox active diamide ligands in 
which each ligand can be oxidized by two electrons to the diimine.161 Upon reaction of 
the amide complex with dioxygen a zirconium(IV) bisperoxo complex is isolated where 
each of the diamide ligands provided 2e– to reduce each of two dioxygen molecules by 
2e– to generate peroxides for an overall 4e– process (Scheme 1.7). On the other hand, 
Rhode and coworkers have shown that when the redox-active ligand bis(imino)pyridine 
is coordinated to a Ni(II) metal center it is capable of cleaving the O–O bond giving 
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ligand centered oxygenation (Scheme 1.8).162
 
 Unlike the Zr(IV) reaction described above 
the locus of oxidation is on the ligand. These are only two examples that show the utility 
of redox-active ligands in O2 activation and how they can differ from system to system. 
 

















Simple bond-making and -breaking reactions are overwhelmingly multielectron 
redox processes.2 When compared to well-established strategies of single electron 
transfer, the fundamental understanding of multielectron redox chemistry is 
underdeveloped.163- 167
Consequently, this thesis will describe how redox-active ligands can be used to 
incorporate ligand radicals into reactions that make and break O–O bonds, and to use 
the ligand radical density for radical like reactivity at other sites in the same molecule. 
More specifically, this thesis will answer the following five questions: 
 New molecular designs are needed to develop and understand 
multielectron bond-making and -breaking events to the level of well known single 
electron processes. 
1. How do you synthesize closed-shell high-valent five- and six-coordinate 
oxorhenium complexes containing redox-active ligands? 
2. How do you synthesize high-valent five- and six-coordinate oxorhenium 
complexes containing a ligand radical? 
3. Can the overall oxidation states be separated into well-defined oxidations 
states for the metal ion and ligand respectively? What are the electronic 
structures of these complexes? 
4. Is it possible for intraligand charge transfer from redox-active ligands to 
impart single-electron oxyl radical character to a closed-shell terminal oxo 
group (Scheme 1.9)? 
5. Are redox-active ligands capable of facilitating radical-like reactivity at other 
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REDOX-ACTIVE LIGAND-MEDIATED BIMETALLIC HOMOLYSIS 
OF DIOXYGEN 
2.1 Introduction 
 Selective oxidation reactions are utilized for transformations of small molecules 
substrates in applications ranging from benchtop-scale laboratory synthesis, to 
pharmaceuticals production, to the manufacture of petroleum products.1- 8 In this 
context, molecular oxygen represents the ideal inexpensive and environmentally benign 
oxidant.9- 11 Although dioxygen is a thermodynamically strong oxidant, it is kinetically 
inert, and spontaneous oxidations by O2 are often prone to undesirable free radical 
autoxidation and over oxidation.1,10 Therefore, transition metals are typically employed 
as catalysts to effect selective activation of O2 and to impart control in partial oxidations 
of organic substrates.1-4,9,10 There are now many examples of selective and powerful 
synthetic systems for aerobic oxidation reactions.9- 24
Biological systems that utilize O2 as a terminal oxidant have received extensive 
attention for their ability to mediate a wide variety of selective oxidation reactions.
 Although these systems are 
mostly very well understood, the chemical features that engender selective O2 reduction 
are not easily generalized to other classes of oxidation catalysts. Therefore, the 
development of broadly applicable methods for selective activation of O2 presages 





 These enzymes are classified as oxygenases when one or both oxygen atoms from 
O2 are incorporated into organic substrates, or oxidases when substrate oxidation is 
coupled to the reduction of O2 to water or hydrogen peroxide. ,16,17 The in vivo metal-
derived oxidants are both powerful and selective. Indeed, the range of accessible 
 37 
oxidation reactions and the redox-specificity of some enzymes are unparalleled in 
synthetic systems. Accordingly, many recent efforts to translate enzyme-like selectivity 
to other aerobic oxidations build on studies of the mechanisms that metalloenzymes 
employ to generate strong oxidants from O2, which highlight the structural and chemical 
properties that engender both substrate and redox specificity in reactions with small 
molecule substrates.10,17,23,25,30- 36
A common feature of many oxygenase-type redox catalysis cycles is cleavage of 





Conversion of two metal ions and one O2 molecule to two oxometal species is formally a 
4e– reduction of O2 and a 2e– oxidation of each metal fragment (Scheme 2.1a). Such 
bimetallic O2 activation is frequently invoked in both metalloenzymes and model systems 
containing naturally abundant transition metal ions. ,20,25Despite the diversity of active 
site structures, most studies of enzymatic and enzyme-like O2 homolysis invoke a 
remarkably similar reaction mechanism. This "unified scheme"20 proposes that O–O 
bond homolysis occurs by a series of sequential, metal-mediated 1e– steps, via 
superoxo [O2•]– and peroxo [O2]2– complex intermediates. As illustrated in Scheme 2.1b 
for bimetallic O2 homolysis, the intermediacy of both mononuclear superoxo complexes 
and symmetric dinuclear peroxo-bridged intermediates demands formal oxidation of 
each transition metal ion by 1e–. This reaction pattern undoubtedly reflects the fact most 
first row transition metal ions prefer to exist in oxidation states that vary by only 1e–,39
 
 so 











The ability of high-valent terminal oxo complexes of 4d and 5d metals to effect 
stoichiometric oxidations of small-molecule organic substrates is well-established.1-5,40 
Metal mediated oxygen-atom transfer is a 2e– redox process.41
41
 The thermodynamics of 
oxo transfer redox reactions are determined by the bond enthalpies of the oxygen donor 
and acceptor substrates, so 2e– oxo-transfer reactivity scales have proven useful for 
prediction of the reaction spontaneity in such metal-mediated oxidation reactions. ,42
39
 In 
contrast to 3d metals, most later 4d and 5d metal ions prefer to have oxidation states 
that vary by 2e–. The utility of many coordinatively unsaturated 4d and 5d transition 
metal complexes in bond–making and bond–breaking oxo transfer reactions therefore 
derives in part from their ability to mediate the transfer of multiple electrons while 
avoiding odd-electron intermediates.41-44 The properties that facilitate oxo transfer 
processes at unsaturated 2nd and 3rd row transition metal ions also seem conducive to 
bimetallic O2 cleavage: a strong thermodynamic proclivity for 2e– redox changes, and 
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low d-electron counts which stabilize the resulting terminal oxo group.41,45
41
 Although 
reactions of 2nd and 3rd row transition metals to homolyze O2 are not rare, ,44,46- 48 many 
thermodynamically strong oxygen-atom acceptors are stable in O2.41,49
22
 It was speculated 
that the propensity of some high-valent 4d and 5d metals to avoid odd–electron 
intermediates might introduce a kinetic barrier to symmetric bimetallic O2 homolysis by 
inhibiting access to superoxo [O2•]– and peroxo [O2]2– complex intermediates. An 
emerging strategy for selective redox transformations of small molecules, including O2, 
utilizes simple redox-active chelates that support charge–localized structures as 
reservoirs of electrons in reactions at coordinatively unsaturated metal centers. ,50– 64
As shown in Scheme 2.2, these so–called "non–innocent" ligands can coordinate 
to metals as fully–reduced catecholates [cat]2–, partially–oxidized semiquinonate free 




 Accordingly, when the 
energies of the redox–active ligand frontier orbitals energies are close to the metal ion 
frontier orbitals, low energy intravalence charge transfer – 70
 
 can be utilized for 
stoichiometric and catalytic reactions at the metal center. In many ways this approach 
mirrors that widely employed in reactions at metalloporphyrin complexes, especially O2 
reduction.27,32,37However, the redox–active chelates utilized in this study are easily 
prepared, and offer the advantages of a high degree of flexibility in coordination 
environment and electronic tunability. For instance, substitution of the one oxygen in a 
[cat]2– with an N–aryl functional group affords an amidophenolate [apPh]2– (Scheme 2.2) 











By extension, it seemed that coordination of a redox-active ligand to a high-
valent 4d or 5d transition metal ion that is a strong 2e– oxygen-atom acceptor may give 
access to the stepwise 1e– redox steps for enzyme-like bimetallic O2 activation. It was 
therefore intriguing to find a report on the synthesis and characterization of oxorhenium 
complexes with redox-active catecholate ligands that noted the five-coordinate monooxo 
anion [ReV(O)(cat)2]– ([cat]2– = 1,2-catecholate; Scheme 2.2) is oxidized to the cis-dioxo 
complex [ReVII(O)2(cat)2]– with exposure to air.71 Reported herein are mechanistic and 
computational studies of O2 cleavage by [ReV(O)(cat)2]– and related five-coordinate 
oxorhenium(V) complexes to yield dioxorhenium(VII) products. Data are presented that 
suggest bimetallic O2 homolysis occurs through redox-active ligand-mediated 1e– steps 
that mirror O–O bond cleavage by oxygenase enzymes. This ability of the redox-active 
ligands to deliver a single electron imparts a remarkable radical-like reactivity to the 
closed–shell [ReV(O)(cat)2]– fragment, which in turn keys efficient Re–O bond formation 
via reactions with oxygen radicals. Moreover, the ability of the ligands to act as 
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reservoirs for 1e– does not perturb the ability of the oxorhenium(V) ion to affect 2e– 
oxygen-atom transfer. This strategy to orthogonalize the 1e– and 2e– redox reactions for 
O2 cleavage has implications for the design of new oxygenase catalysts, as well as for 
the microscopic reverse reaction, coupling of oxometal fragments to evolve O2, which is 




2.2.1 Preparation and Characterization of Oxorhenium(V) Complexes. 
To assay the effects of ligand redox–activity on reactions of oxorhenium(V) 
complexes with dioxygen, a series of structurally similar complex anions were prepared. 
Using known procedures,71,83
83
 [ReV(O)(cat)2]– ([cat]2– = 1,2–catecholate; Scheme 2.2) can 
be isolated as either a five–coordinate square pyramidal monomer or a C1–symmetric 
triphenylphosphine adduct [ReV(O)(PPh3)(cat)2]–. The 1H NMR spectrum of 
[ReV(O)(cat)2]– in MeCN–d3 features two sharp multiplets for the equivalent [cat]2– 
ligands at 25 °C. As previously described,  the resonances broaden with addition of 
PPh3 and separate into an eight–line pattern at –40 °C, indicative of two [cat]2– ligands in 
distinct chemical environments (Figure 2.1). These data indicate that the phosphine 
ligand in [ReV(O)(PPh3)(cat)2]– is labile in solution at ambient temperature, but that PPh3 
binding is accompanied by cis–trans isomerization of the [cat]2– ligands, as observed in 







Figure 2.1. 1H NMR spectra of (a) [ReV(O)(cat)2]– at 25 °C, (b) [ReV(O)(PPh3)(cat)2]– at 
25 °C, and (c) [ReV(O)(cat)2(PPh3)]– at –40 °C. The sample of [ReV(O)(PPh3)(cat)2]– was 
generated in situ by addition of 1.3 equiv PPh3 to [ReV(O)(cat)2]–. The red arrows 
indicate positions of the eight resonances for the two inequivalent [cat]2– ligands at –40 
°C. All spectra were recorded in MeCN-d3. Signal intensities are not normalized. 
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Further evidence of the torsional flexibility of the [ReV(O)(cat)2]– core is manifest 
in the structures of four homologs. Whereas [ReV(O)(PPh3)(Br4cat)2]– ([Br4cat]2– = 
tetrabromo-1,2-catecholate; Scheme 2.2) adopts a C1-symmetric structure with a cis 
arrangement of catecholate ligands, [ReV(O)(OPPh3)(Br4cat)2]– has a pseudo-C2v 
symmetric trans structure in the solid state.84
45
 The preference for cis or trans geometry in 
the six-coordinate complexes can be rationalized by a consideration of the relative π-
donor strength of the respective ligands; the strongest π-donor occupies the position 
trans to the oxo group, and the [X4cat]2– ligand has occupied frontier orbitals of π 
symmetry.85
Two new oxorhenium(V) derivatives containing [apPh]2– and [ox]2– ligands ([apPh]2– 
= 2,4-di-tert-butyl-6-(phenylamido)phenolate; [ox]2– = ethanedioate, C2O42–) were 
prepared by reactions of [ReV(O)(PPh3)2Cl3] with the appropriate acid ligand precursor in 
basic alcohol solution. Slow cooling of a concentrated solution of (Et3NH)[ReV(O)(apPh)2] 
deposited dark green crystals suitable for analysis by X-ray diffraction. A single crystal 
structure of the anion is provided in Figure 2.2. It contains square pyramidal rhenium 
bound to two crystallographically equivalent aminophenol–derived ligands in the basal 
positions and an oxo in the apical site. The ligand C–C bond distances are equidistant 
within 3σ (1.40 ± 0.01 Å), and the C –O and C–N bond distances of 1.371(4) and 
1.415(5) Å, respectively, suggest that the aminophenol–derived ligands are fully 
reduced, closed–shell [apPh]2– dianions.
 All attempts to isolate the five-coordinate [ReV(O)(Br4cat)2]– anion were 
unsuccessful, presumably due to the electron–withdrawing nature of the [Br4cat]2– ligand 
that makes the rhenium center a strong Lewis acid. However, the OPPh3 ligand in 
[ReV(O)(OPPh3)(Br4cat)2]– is labile, making it a suitable precursor to the 
[ReV(O)(Br4cat)2]– fragment (vide infra).  
86,87 One MeOH solvent molecule is contained in 
each unit cell, but is not bound to rhenium. The assignment of this complex as 
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Figure 2.2. Solid–state structure of the anion in (Et3NH)[ReV(O)(apPh)2]•0.25MeOH 
shown with 50% probability ellipsoids. Hydrogen atoms, MeOH solvate molecule and 
countercation omitted for clarity. Selected bond lengths (Å) and angles (deg): Re1–O1 
1.715(3), Re1–O2 1.968(3), Re1–O3 1.970(3), Re1–N1 1.980(3), Re1–N2 1.983(3), O1–
Re1–O2 111.03(12), O1–Re1–O3 108.88(13), O1–Re1–N1 111.92(14), O1–Re1–N2 
108.60(13), O2–Re1–N1 79.35(12), O3–Re1–N2 79.48(12), O2–Re1–N2 87.91(12), 
O3–Re1–N1 86.06(12), O2–Re1–O3 140.09(11), N1–Re1–N2 139.45(13). 
 
 
Crystals of (Et3NH)[ReV(O)(PPh3)(ox)2] obtained from concentrated EtOH solution 
were also analyzed by X-ray diffraction. As shown in Figure 2.3, the anion contains 
rhenium with pseudo–octahedral geometry. As in the phosphine adducts described 
above, the PPh3 ligand is cis to the oxo, so the two cis–oriented [ox]2– ligands are in 
distinct chemical environments. The [ox]2– ligand that occupies the site trans to PPh3 has 
shorter bonds to rhenium (2.003(3) and 2.035(3) Å) and two pairs of long and short C–O 
bonds (averaging 1.322(5) and 1.207(5) Å, respectively) typical of a dione/diolate 
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resonance structure. In contrast, the [ox]2– trans to the oxo has elongated Re–O bond 
distances (2.092(3) and 2.082(3) Å) and a smaller difference between the average 
bonding and distal C–O bond lengths (1.294(5) and 1.221(5) Å, respectively). The Re–
Ooxo bond length of 1.671(3) Å is typical of the Re–O triple bond expected for a monooxo 
d2 ion in a tetragonal ligand field.45 The diamagnetism of the [ReV(O)(PPh3)(ox)2]– is 
additionally evidenced by the 13C NMR spectrum, which displays four distinct 
resonances for the [ox]2– ligands in MeCN-d3 at 25 °C, implying and isomerization is 
slow on the NMR timescale. However, addition of tri(4–tolyl)phosphine to NMR tubes 
containing [ReV(O)(PPh3)(ox)2]– in MeCN-d3 gives complete scrambling of the phosphine 
resonances within in minutes at 25 °C, indicating that the PPh3 ligand in 







Figure 2.3. Solid–state structure of the anion in (Et3NH)[ReV(O)(PPh3)(ox)2]•1.5EtOH 
shown with 50% probability ellipsoids. Hydrogen atoms, EtOH solvate molecule and 
countercation omitted for clarity. Selected bond lengths (Å) and angles (deg): Re1–O1 
1.671(3), Re1–O2 2.003(3), Re1–O3 2.035(3), Re1–O6 2.092(3), Re1–O7 2.082(3), 
Re1–P1 2.4472(13), O1–Re1–O2 107.95(14), O1–Re1–O3 107.54(14), O1–Re1–O6 




2.2.2 Preparation and Characterization of Dioxorhenium(VII) Complexes. 
Addition of 1 equiv of pyridine N–oxide, dimethyl sulfoxide (DMSO), or OAsPh3 to 
[ReV(O)(cat)2]– in MeCN gives an immediate color change from light tan to dark purple. 
The purple product is the cis–dioxo [ReVII(O)2(cat)2]– anion, as evidenced by comparison 
of the UV–vis and 1H NMR spectra to an authentic sample, prepared independently (eq. 
2).71 When the reaction is performed in MeCN-d3, integration of the 1H NMR resonances 
confirms quantitative formation of [ReVII(O)2(cat)2]– and the deoxygenated organic 





The analogous reaction of 1 equiv of pyridine N-oxide, DMSO, or OAsPh3 with 
[ReV(O)(OPPh3)(Br4cat)2]–, or [ReV(O)(apPh)2]– rapidly affords the corresponding 
dioxorhenium(VII) products. The assignment of these materials as the d0 dioxo 
congeners is supported by spectroscopic and analytical data. Crystals of 
(Et4N)[ReVII(O)2(apPh)2] for X-ray diffraction analysis were obtained from concentrated 
MeOH solution. A thermal ellipsoid plot of the anion is provided in Figure 2.4. The 
rhenium center has pseudo-octahedral geometry with approximate C2 symmetry. Two 
terminal oxo ligands occupy a pair of cis coordination sites, with a O–Re–O bond angle 
of 100.78(10)°. The remaining four sites are filled by two crystallographically unique 
aminophenol–derived ligands. Only one of three possible structural isomers is observed 
in the solid–state structure. The Re–N bonds are in an approximately trans disposition, 
with each Re–OapPh bond in a site trans an oxo ligand. The largest distortion from 
octahedral geometry is manifest in the contracted N–Re–N bond angle of 154.08(10)°. 
All of the C–C bond distances are identical within experimental error at 1.40 ± 0.01 Å, 
consistent with a fully-reduced, aromatic [apPh]2– ligand.86,87 The C–O and C–N bond 
lengths (averaging 1.337(6) and 1.402(6) Å, respectively) are slightly contracted versus 
those in [ReV(O)(apPh)2]– but within the range expected for this ligand oxidation state 
assignment. Further evidence for the rhenium(VII) assignment is provided by the Re–
Ooxo bond lengths of 1.742(2) and 1.732(2) Å, which are elongated as compared to 
[ReV(O)(apPh)2]– due to the net decrease in formal bond order (from 3.0 to 2.5 to each 
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oxo group) with oxygen atom addition.45A single crystal structure of the brominated 
analog [ReVII(O)2(Br4cat)2]– was not determined, but the structure is assigned as the cis 




Figure 2.4. Solid–state structure of the anion in (Et4N)[ReVII(O)2(apPh)2] shown with 50% 
probability ellipsoids. Hydrogen atoms, and countercation omitted for clarity. Selected 
bond lengths (Å) and angles (deg): Re1–O1 2.049(2), Re1–O2 2.040(2), Re1–O3 
1.742(2), Re1–O4 1.732(2),Re1–N1 2.003(2), Re1–N2 2.036(2), O1–Re1–O2 82.23(9), 
O3–Re1–O4 100.78(10), O1–Re1–N1 75.55(9), O2–Re1–N2 75.23(9), O2–Re1–N1 
86.38(9), O1–Re1–N2 83.87(9), O4–Re1–N2 109.73(10), O3–Re1–N1 108.14(10), O1–
Re1–O4 162.25(9), O2–Re1–O3 161.95(9), N1–Re1–N2 154.08(10). 
 
 
Addition of 2 equiv pyridine N-oxide or DMSO to violet [ReV(O)(PPh3)(ox)2]– in 
MeCN rapidly gives a clear, colorless solution containing OPPh3 and ReO4– as the only 
rhenium containing product observable by ESI-MS (eq. 3). The analogous reaction of 
[ReV(O)(PPh3)(ox)2]– with a stoichiometric amount of the oxidizing agent results only in 
conversion of the coordinated PPh3 ligand to OPPh3. The ReO4– is likely a product of 
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[ReVII(O)2(ox)2]– decomposition; all other attempts to prepare or isolate the putative dioxo 






2.2.3 Reactions of [ReV(O)(cat)2]– with O2. 
Consistent with a previous report,71 exposure of MeCN or CH2Cl2 solutions of 
[ReV(O)(cat)2]– to 1 atm air or O2 gives conversion to [ReVII(O)2(cat)2]– over hours at 
ambient temperature. When the reaction is monitored by 1H NMR spectroscopy in 
MeCN-d3, no diamagnetic species other than [ReV(O)(cat)2]– and [ReVII(O)2(cat)2]– 
accumulate to an observable concentration, and integration of the 1H NMR resonances 
for [ReV(O)(cat)2]– and [ReVII(O)2(cat)2]– indicates that the total concentration of rhenium-
containing products is constant throughout the reaction. Quantitative conversion of 
[ReV(O)(cat)2]– to [ReVII(O)2(cat)2]– requires 0.5 equiv O2 (Figure 2.5), implying that both 
oxygen atoms from O2 are incorporated into ReVII=O bonds. 
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Figure 2.5. Plot of % yield of [ReVII(O)2(cat)2]– as a function of molar stoichiometry in 
reactions of [ReV(O)(cat)2]– with O2 in MeCN-d3 at 25 °C. All measurements were made 
in sealable NMR tubes and % conversion was determined by integration of the 1H NMR 
resonance for [ReV(O)(cat)2]– and [ReVII(O)2(cat)2]–. 
 
 
Reaction of 1 equiv PPh3 with [ReVII(O)2(cat)2]– in MeCN–d3 under N2 gives clean 
conversion to [ReV(O)(cat)2]– and OPPh3 in minutes, as evidenced by 1H NMR 
spectroscopy. This closes a catalytic cycle for aerobic PPh3 oxidation (Scheme 2.3). 
Accordingly, exposure of the triphenylphosphine adduct [ReV(O)(PPh3)(cat)2]– to 1 atm 
O2 in MeCN-d3 affords complete conversion to [ReVII(O)2(cat)2]– and OPPh3 in <2 h at 25 
ºC. In contrast, NMR tubes containing [ReV(O)(PPh3)(cat)2]– and a large excess of PPh3 
(50 equiv) in MeCN-d3 maintain their green color indefinitely in air at ambient 
temperature, and generation of trace OPPh3 requires heating to 70 ºC for 3 d. Together, 
these data imply that the oxidation of [ReV(O)(PPh3)(cat)2]– by O2 proceeds via initial pre 
equilibrium dissociation of PPh3 to generate [ReV(O)(cat)2]–, and that a vacant site at 








The distinct color change accompanying the aerobic conversion of [ReV(O)(cat)2]– 
to [ReVII(O)2(cat)2]– allows the reaction to be conveniently monitored by UV–vis 
absorption spectroscopy. Addition of 1 atm O2 to 0.08 mM [ReV(O)(cat)2]– in CH2Cl2 
affords quantitative conversion to [ReVII(O)2(cat)2]– in 30 min with apparent isosbestic 
points at 260, 284 and 312 nm (Figure 2.6a). However, close examination of the kinetics 
data shows that the conversion of [ReV(O)(cat)2]– to [ReVII(O)2(cat)2]– does not proceed in 
a single phase. The pseudo-first order kinetics plot shows a significant curvature (Figure 
2.10), indicative of a biphasic reaction.88 As shown in Figure 2.6b, the concentration-time 
data have a sigmoidal shape that are fit best by an A → B → C integrated rate law 
model with two exponential equations corresponding to consecutive first–order 
processes. The biphasic concentration–time profile, including the length of the apparent 
induction period, is reproduced exactly using different batches of [ReV(O)(cat)2]– and 
CH2Cl2 solvent, and in MeCN solutions, suggesting that the biphasic behavior is not due 
to trace impurities or radical chain kinetics. 
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Figure 2.6. (a) UV–vis absorption spectra for a reaction of 8 x 10–5 M [ReV(O)(cat)2]– with 
1 atm O2 at 25 °C in CH2Cl2 to generate [ReVII(O)2(cat)2]–. Spectra are shown at t = 0 in 
degassed CH2Cl2 (green line), and at 2.4 min intervals to t = 33.6 min (purple line) after 
exposure to O2. (b) Selected time–resolved data for the formation of [ReVII(O)2(cat)2]– 
with λmax = 554 nm (purple ○). The fit (purple line) was obtained from iterative analysis of 
the full spectral window (245–900 nm) using a biexponential A→B→C integrated rate 
law model, giving kA→B = (9 ± 1) x 10–3 s–1 and kB→C = (3 ± 1) x 10–3 s–1. 
 
 
The comparable rate constants for the two phases of the reaction, and the 
relative small spectral changes during the A → B phase, makes accurate deconvolution 
of the kinetics data very challenging and comparison of the rate constants problematic. 
However, consideration of the relative trends in rates with varying concentrations of 
reactants is informative. When the reaction of 0.08 mM [ReV(O)(cat)2]– is performed with 
dry air as the source of O2, quantitative formation of [ReVII(O)2(cat)2]– requires 150 min 
(versus 30 min with O2). The five–fold decrease in rate of product formation therefore 
scales with the relative O2 concentration. However, at a higher initial concentration of 
[ReV(O)(cat)2]– (0.23 mM), both reactions are slow, and the fivefold rate difference is lost: 
Generation of [ReVII(O)2(cat)2]– from O2 and air requires 120 min and 150 min, 
respectively. Additionally, the sigmoidal shape of the concentration–time data is 
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significantly less pronounced, suggesting that varying the initial concentrations of O2 and 
[ReV(O)(cat)2]– impacts the rates of the A → B and B → C phases of the reaction 
differently. Indeed, this apparent non–linear dependence of the rate of [ReVII(O)2(cat)2]– 
formation on both O2 concentration and [ReV(O)(cat)2]– concentration are further 
evidence that, despite the lack of a clearly observable intermediate, the reaction does 
not proceed in a single step. 
2.2.4 Computational Studies of O2 Homolysis by [ReV(O)(cat)2]–. 
Attempts to isolate or further characterize intermediate species in the reaction of 
[ReV(O)(cat)2]– with O2 were unsuccessful, prompting us to pursue a computational study 
of this process. Optimized structures and energies were computed with restricted density 
functional theory (DFT) with the B3LYP functional and a LACVP+* basis set.89–91 All 
calculations were performed with the Jaguar program92 except for the molecular orbital 
plots in Figure 2.8, which were computed with MOLPRO93 and plotted in Molekel94
In the absence of a sixth ligand, the trans isomer of the [ReV(O)(cat)2]– anion 
optimizes to a stable structure with bond distances and angles that are in excellent 
agreement with the solid state metrical parameters for [ReV(O)(cat)2]–.
. 
Computed energies and structures are assumed to be in the singlet state unless 
otherwise noted.  
83The five-
coordinate cis isomer of [ReV(O)(cat)2]– (Figure 2.7b) was obtained with constrained 
dihedral angles between the [cat]2– ligands. It is a transition state 26.1 kcal mol–1 higher 
in energy than the trans form of the complex (Figure 2.7a). However, as discussed 
below, this represents an upper limit to the barrier to cis–trans isomerization because it 
does not account for stabilization of the ion by occupancy of the sixth coordination site. 
The interaction of [ReV(O)(cat)2]– with dioxygen was probed by placing O2 in the vacant 
coordination sites of both the cis and trans isomers the five–coordinate anion and 
performing subsequent geometry optimization. Singlet and triplet state minima were 
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found for dioxygen adducts to both the cis and trans isomers, but the energies of the cis 
complexes are lower than the trans species by 28.9 and 10.2 kcal mol–1 for the S = 0 
and S = 1 states, respectively. These data imply that O2 addition to [ReV(O)(cat)2]– 
occurs with isomerization to the cis conformer, analogous to PPh3 binding (vide supra). 
No stable structures were found with O2 bridges between the rhenium center and quinoid 




Figure 2.7. Reaction energy diagram for 2 [ReV(O)(cat)2]– + O2 → 2 [ReVII(O)2(cat)2]–. 
Bold black and red lines represent the S = 0 and S = 1 states, respectively, of the 
rhenium complexes shown. Reported energies are relative to (a) trans–[ReV(O)(cat)2]– + 
O2. (b) Transition state for isomerization of 1 equiv trans–[ReV(O)(cat)2]– to 1 equiv cis–
[ReV(O)(cat)2]–. (c) Formation of the dioxygen adduct in the S = 1 state, and (d) in the S 
= 0 state. (e) Relative energy of the S = 0 O2–bridged bimetallic complex. (f) Single point 
energy of the S = 1 state for the O2–bridged complex at the S = 0 geometry. (g) Energy 
of formation of 2 equiv [ReVII(O)2(cat)2]–. 
 
 
The S = 0 and S = 1 states of the cis O2 adducts have different geometries. The 
lower energy, S = 0 state is a minimum 6.9 kcal mol–1 below the trans form of 
[ReV(O)(cat)2]– (Figure 2.7d). It has an O–O bond distance of 1.42 Å and Re–O2 bond 
lengths of 1.93 and 2.02 Å. These distances are most consistent with formulation of 
dioxygen–derived ligand as an η2–peroxo [O2]2– dianion,95,96 and the seven–coordinate 
complex anion as [ReVII(O)(O22–)(cat)2]–. The S = 1 isomer is 12.4 kcal mol–1 higher in 
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energy than the cis S = 0 O2 adduct, 5.5 kcal mol–1 above the ground state trans-
[ReV(O)(cat)2]– complex (Figure 2.7c). As compared to the S = 0 complex, the O–O bond 
length is contracted to 1.32 Å, and there is an enhanced asymmetry in the Re–O2 bond 
distances (2.06 and 2.88 Å). Examination of the singly occupied molecular orbitals 
(SOMOs) for this state reveals that one unpaired electron is primarily localized in an 
orbital that is characteristic of a semiquinonate radical [sq•]– ligand (Figure 2.8a).86The 
other SOMO has is distributed over both oxygen atoms and the metal center, with 
contributions from both an O–O π* orbital and a rhenium d–orbital (Figure 2.8b). The 
large fraction of the oxygen–centered unpaired spin is on the distal atom of the O2-
derived ligand, which is antisymmetric to density on the proximal oxygen that partially 
overlaps with a cloverleaf metal d–orbital. The sum of these data are most consistent 
with formulation of the complex as rhenium(V) [ReV(O)(O2●–)(cat)(sq●)]– with a η1-
superoxo [O2●]– ligand,95,96 but covalency in the Re–O2 bond transfers some radical 




Figure 2.8. (a–b) Surface plots of the two orbitals with unpaired spin density in the S = 1 




Oxygen atom transfer from [ReVII(O)(O22–)(cat)2]– to [ReV(O)(cat)2]– was probed 
by placing the distal oxygen of the bound O2 ligand in the vacant coordination site of a 
second cis isomer of [ReV(O)(cat)2]– and performing subsequent geometry optimization. 
All of the resulting bimetallic structures are higher in energy, consistent with coulombic 
repulsion of the two anionic fragments. However, minimum energy O2-bridged 
complexes were located on the potential energy surface. The S = 0 solution is shown in 
Figure 2.7e. The O–O distance of 1.41 Å, and the asymmetry in the Re–O2 bond 
distances are most consistent with a trans-μ-1,2-peroxo [O2]2– linkage.95,96 No stable 
bimetallic structures were found with side–on, μ–η2:η2–peroxo linkages. A similar local 
minimum was not found on the S = 1 potential surface; however, a single point 
computation of the S = 1 energy at the optimized S = 0 geometry yields a lower energy 
(Figure 2.7f). This demonstrates that the triplet state potential energy surface is lower in 
energy than the singlet state in this region, and suggests that an S = 1 peroxo-bridged 
complex is a precursor to O2 cleavage to generate 2 equiv [ReVII(O)2(cat)2]–. 
2.2.5 Reactions of Oxorhenium(V) Homologs with O2. 
The apparent importance of ligand–centered changes in oxidation state during O2 
homolysis by [ReV(O)(cat)2]– suggested that the reaction rates may be sensitive to 
substitution of the redox-active ligand. Exposure of green solutions of 
[ReV(O)(OPPh3)(Br4cat)2]– in CH2Cl2, MeCN or acetone to 1 atm air or O2 results in a 
color change to dark purple over hours at ambient temperature. Monitoring the reaction 
by UV–vis absorption spectroscopy confirms that the purple product is 
[ReVII(O)2(Br4cat)2]–, which is formed in quantitative yield (Figure 2.9a). However, in 
contrast to the reactions of [ReV(O)(cat)2]– with O2, under some conditions an 
intermediate species accumulates to an observable concentration during the course of 
the reaction. This is best evidenced by examination of the UV–vis concentration-time 
data from the long wavelength visible portion of the spectrum. For example, a reaction of 
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0.20 mM [ReV(O)(OPPh3)(Br4cat)2]– and 1 atm O2 shows a growth in the absorption 
intensity at 775 nm over the first 3600 s of the reaction, followed by an inflection point 
and a decay to the [ReVII(O)2(Br4cat)2]– product spectrum (Figure 2.9b). Global iterative 
analysis of the full spectral window to an A → B → C integrated rate law model yields 
good first–order fits to both the growth and decay phases of the reaction. 
 As described above, accurate deconvolution of the kinetics data is challenging 
when the computed rate constants for the two phases of the reaction are similar, making 
comparison of the rate constants problematic. However, under all conditions examined, 
the rate of formation of [ReVII(O)2(Br4cat)2]– from [ReV(O)(OPPh3)(Br4cat)2]– and O2 is 
clearly slower than the parent catecholate analog. Quantitative conversion of 0.07 mM 
[ReV(O)(OPPh3)(Br4cat)2]– and 1 atm air to [ReVII(O)2(Br4cat)2]– in CH2Cl2 requires 1200 
min (versus 150 min for the conversion of [ReV(O)(cat)2]– to [ReVII(O)2(cat)2]– under 
similar conditions). All attempts to isolate the intermediate species were unsuccessful. 
Addition of 1 atm O2 to a CH2Cl2 solution containing [ReV(O)(OPPh3)(Br4cat)2]– at –90 °C 
gives no observable color change over hours, presumably because competitive binding 
of OPPh3 inhibits the reaction with O2 at low temperatures. Moreover, concentrated 
solutions of [ReV(O)(OPPh3)(Br4cat)2]– in O2 convert to [ReVII(O)2(Br4cat)2]– without 
accumulation of any observable intermediates, because the putative O2-complex 




Figure 2.9. Selected UV–vis absorption data for a reaction of 2 x 10–4 M 
[ReV(O)(OPPh3)(Br4cat)2]– with 1 atm O2 at 25 °C in CH2Cl2 to generate 
[ReVII(O)2(Br4cat)2]–. (a) Spectra at t = 0, immediately on addition of O2 (green line), and 
at 25.0 min intervals to t = 500 min (purple line). (b) Selected time–resolved data 
showing the formation of [ReVII(O)2(Br4cat)2]– with λmax = 554 nm (purple ○), and the 
formation and decay of an intermediate species at 775 nm (blue □). The fits (purple and 
blue lines) were obtained simultaneously from iterative  analysis of the full spectral 
window (300–800 nm) using a biexponential A→B→C integrated rate law model, giving 
kA→B = (4.8 ± 0.5) x 10–4 s–1 and kB→C = (2.6 ± 0.5) x 10–4 s–1. 
 
 
Exposure of lime green [ReV(O)(apPh)2]– in MeCN or CH2Cl2 solutions to air or O2 
rapidly generates dark purple solutions containing the O2 homolysis product 
[ReVII(O)2(apPh)2]–. However, the reaction yields are lower due to a competing oxidative 
degradation reaction that extrudes the ibqPh (ibqPh = 2,4-di-tert-butyl-6-
(phenylimino)phenol; Scheme 2.2) form of the ligand. For instance, addition of 1 atm air 
to 0.08 mM [ReV(O)(apPh)2]– in CH2Cl2 affords [ReVII(O)2(apPh)2]– in <15 min, but the 
yield is only about 30%. This low yield is not due to an inherent instability of the dioxo 
product in O2, because independently prepared samples of [ReVII(O)2(apPh)2]– are 
indefinitely stable under O2 in solution at ambient temperature.  
Notably, the UV–vis spectrum of [ReV(O)(PPh3)(ox)2]– is unchanged under 1 atm 
O2 in MeCN over weeks at ambient temperature and days at 70 °C. As described above, 
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oxidation of [ReV(O)(PPh3)(ox)2]– by strong oxo–atom donors leads to rapid composition 
to ReO4–, so the comparative stability of [ReV(O)(PPh3)(ox)2]– in O2 suggests that the 
[ReV(O)(ox)2]– core is unable to homolyze O2. Additional experimental data suggests that 
this inability of [ReV(O)(PPh3)(ox)2]– to effect direct reductive cleavage of O2 arises from 
kinetic and not thermodynamic factors. Heating [ReV(O)(PPh3)(ox)2]– with 2 equiv 
[ReVII(O)2(cat)2]– to 60 °C in MeCN–d3 affords OPPh3 and 2 equiv [ReV(O)(cat)2]– in ~5 h, 
as the only observable products by 1H NMR spectroscopy (eq. 4). The reactions 
presumably occur via two sequential oxygen-atom transfer reactions from 
[ReVII(O)2(cat)2]–, first to the labile PPh3 and, then to [ReV(O)(ox)2]–. The thermodynamics 
of the second step, oxo transfer from [ReVII(O)2(cat)2]– to [ReV(O)(ox)2]– are not 






of [ReVII(O)2(ox)2]–. However, because [ReV(O)(cat)2]– is rapidly reoxidized under the 
reaction conditions, the products of eq. 4 imply that [ReVII(O)2(cat)2]– is a catalyst for the 
aerobic decomposition of the [ReV(O)(ox)2]– anion (Scheme 2.4). Indeed, heating a 
mixture of [ReVII(O)2(cat)2]– and 7 equiv [ReV(O)(PPh3)(ox)2]– under 1 atm O2 results in 
complete decomposition of the oxalate complex within hours at 60 °C, conditions where 









2.3.1 Mechanism of O2 Homolysis by [ReV(O)(cat)2]–. 
The five-coordinate oxorhenium(V) anion [ReV(O)(cat)2]– effects clean reductive 
cleavage of dioxygen to afford the dioxorhenium(VII) product [ReVII(O)2(cat)2]–. The 
reaction stoichiometry (2 [ReV(O)(cat)2]– + 1 O2 → 2 [ReVII(O)2(cat)2]–) implies that both of 
the dioxygen-derived atoms are consumed in formation of two new ReVII=O bonds. 
Although a direct termolecular interaction of the three reactants is consistent with the 
observed stoichiometry, it is statistically and chemically implausible. Additionally, the 
UV–vis kinetics data for the reactions with oxygen are multiphasic, and do not show a 
second order dependence on the oxorhenium(V) concentration. The sum of the 
experimental and computational data reported herein is most consistent with the 
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stepwise mechanism of bimetallic O2 homolysis shown in Scheme 2.5. Each of these 







In the first step of the proposed mechanism, O2 binding to [ReV(O)(cat)2]– 
generates a six coordinate dioxygen complex. Evidence for the necessity of a vacant site 
at rhenium for reaction with O2 comes from the observation that high concentrations of 
PPh3 stabilize [ReV(O)(cat)2]– in O2 atmospheres, presumably via formation of the six-
coordinate species [ReV(O)(PPh3)(cat)2]–. Dioxygen-adducts to [ReV(O)(cat)2]– have not 
been isolated, but computational studies of these intermediates suggest that O2 binding 
occurs with isomerization of the [cat]2– ligands to a cis conformation. In the absence of a 
sixth ligand, the cis conformer of [ReV(O)(cat)2]– is computed to be 26.1 kcal mol–1 higher 
in energy than the trans form. However, this value represents an upper limit of the true 
barrier to cis-trans isomerization of [ReV(O)(cat)2]–, because the C1-symmetric cis 
conformer is stabilized by binding a π-acidic ligand, such as O2, in the vacant 
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coordination site. This ligand-driven torsional flexibility of the [ReV(O)(cat)2]– core is 
additionally manifest in the variable temperature 1H NMR spectra of 
[ReV(O)(PPh3)(cat)2]– in MeCN-d3.84 At –40 °C the two [cat]2– ligands are in distinct 
chemical environments, consistent with a static structure with local C1 symmetry. 
However, at 25 °C the resonances for the two [cat]2– ligands coalesce due to PPh3 
dissociation, which affords [ReV(O)(cat)2]–. The equivalent [cat]2– 1H NMR resonances in 
[ReV(O)(cat)2]– are consistent with either a static C2v-symmetric structure or rapid 
isomerization that equilibrates the ligands on the time scale of the NMR experiment. 
Either implicates rapid isomerization of [ReV(O)(cat)2]– with PPh3 binding/dissociation 
(eq. 1).  
Addition of O2 to cis–[ReV(O)(cat)2]– affords two minimum energy O2 complexes 
with different spin states. As illustrated, end-on approach of triplet O2 first affords a triplet 
diradical complex [ReV(O)(O2●–)(cat)(sq●)]– containing a partially reduced η1-superoxide 
[O2●]– ligand. Binding and reduction of O2 occurs with concomitant 1e– oxidation of the 
metal fragment, but the oxidation is not metal–centered. Rather, 1e– is removed from a 
redox-active [cat]2– ligand to give a semiquinonate [sq●]– free radical. The S = 1 species 
[ReV(O)(O2●–)(cat)(sq●)]– is only 5.5 kcal mol–1 above the ground state trans–
[ReV(O)(cat)2]–, confirming that addition of triplet O2 to cis–[ReV(O)(cat)2]– is exoergic, by 
20.6 kcal mol–1. Subsequent collapse of the distal oxygen of the η1-superoxo ligand 
forms a seven-coordinate, closed–shell S = 0 complex containing a second Re–O2 bond. 
Isomerization to the singlet state O2–complex isomer is downhill by 12.4 kcal mol–1 
complex, so O2 binding to form the singlet mononuclear dioxygen complex from trans- 
[ReV(O)(cat)2]– and O2 is exoergic by 6.9 kcal mol–1. The O2 fragment in this minimum 
energy complex is best described η2-peroxo [O2]2– dianion, implying that the 
[ReV(O)(cat)2]– is oxidized by 2e–. Both of these electrons formally derive from the 
rhenium center, so the complex anion is [ReVII(O)(O22–)(cat)2]–, implying that spin 
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crossover occurs with 1e– reduction of the coordinated [sq●]– free radical. The ability of 
the oxorhenium(V) fragment to undergo metal–centered 2e– oxidation with bond 
formation is well-established, as exemplified by the facile oxygen atom additions to 
[ReV(O)(cat)2]– described herein, as well as the rich oxo–transfer reactivity in related 
species.41,49,97– 99 There is also precedent for formation of η2-peroxo complexes of 
rhenium.48,97,99,100
Reaction of triplet O2 with the closed shell [ReV(O)(cat)2]– anion is formally spin 
forbidden, but previous reports have suggested that such spin-forbidden reactions of O2 
with transition metals are not necessarily intrinsically slow. 
 The importance of the redox-active [cat]2– ligand as a reservoir for a 
single electron in these reactions is discussed below.  
101 In particular, the reaction 
sequence for O2 addition and reduction proposed here closely resembles a reaction of 
O2 with a mononuclear palladium(0) species to form an η2-peroxopalladium(II) 
complex.102,103
The second step of the proposed bimetallic homolysis mechanism is formation of 
a dinuclear O2–bridged intermediate. The computed minimum-energy singlet state 
structure contains a trans-μ-1,2-peroxo [O2]2– linkage. Although the net 2e– reduction of 
O2 could arise from either 2e– oxidation of a single [ReV(O)(cat)2]– anion or from 1e– 
oxidation of both of the terminal [ReV(O)(cat)2]– fragments, all of the computed bond 
distances about the two oxorhenium centers are similar, consistent with the latter, 
 Binding O2 initially forms a triplet diradical palladium(I) complex with an 
η1-superoxide [O2●]– ligand, which crosses to a singlet surface with formation of the 
second Pd–O2 bond. Delocalization of unpaired spin density onto the metal ion is 
proposed to lower the barrier to spin crossover to a singlet product by weakening the 
exchange interaction. Similarly, the formal transfer of 1e– from O2 to a redox-active 
catecholate ligand separates the unpaired spins in the triplet diradical complex 
[ReV(O)(O22–)(cat)(sq●)]– (Figure 8), providing a mechanism for facile spin crossover to 
yield the singlet peroxorhenium(VII) product.  
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symmetric charge distribution. Accordingly, formation of the second Re–O2 bond likely 
occurs with ligand–centered 1e–oxidation of [ReV(O)(cat)2]–, affording [(cat)(sq●)(O)ReV–
O–O–ReV(O)(cat)(sq●)]2–. The computed barrier to formation of the singlet peroxo–bridge 
complex is approximately 54 kcal mol–1 above singlet state monomeric peroxo complex 
[ReVII(O)(O22–)(cat)2]–. However, calculations suggest that a triplet state potential energy 
surface is at least 9.6 kcal mol–1 lower in energy than the singlet state surface. 
Formation of the dinuclear peroxo-bridged intermediate is therefore proposed to proceed 
via initial isomerization to the excited–state triplet diradical complex [ReV(O)(O22–
)(cat)(sq●)]–, followed by attack of the distal oxygenic radical of the η1-superoxide [O2●]– 
ligand on a second equivalent of cis-[ReV(O)(cat)2]–. There are strong similarities in both 
of the proposed Re–O2 bond forming steps leading to assembly of a dinuclear peroxo–
bridged complex: Both invoke attack of an oxygen radical on cis-[ReV(O)(cat)2]– that 
proceeds with 1e– reduction of the incoming ●O2 fragment and 1e– oxidation of a redox-
active [cat]2– ligand.  
The final reaction step is homolytic cleavage of the peroxo O–O bond in 
[(cat)(sq●)(O)ReV–O–O–ReV(O)(cat)(sq●)]2– to afford 2 equiv of the dioxorhenium(VII) 
product [ReVII(O)2(cat)2]–. This product–forming step is formally another 2e– reduction of 
the trans-μ-1,2-peroxo [O2]2– linkage to two terminal oxo [O]2– ligands. The d0 electron 
count in the rhenium product suggests that intramolecular transfer of 1e– from each 
[ReV(O)(cat)(sq●)] fragment to the [O2]2– group proceeds with intramolecular reduction of 
the coordinated semiquinonate radical [sq●]– ligands. As shown in Figure 7, 
[ReVII(O)2(cat)2]– is the energetic minimum on the potential energy surface. It lies 64.1 
kcal mol–1 below trans-[ReV(O)(cat)2]– and 57.2 kcal mol–1 below the minimum energy 
O2 adduct [ReVII(O)(O22–)(cat)2]–. The computed reaction coordinate therefore agrees 
well with the observed reaction kinetics: The net reaction proceeds by two sequential 
exoergic reaction steps, and the second step of the reaction is rate limiting. However, 
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the observation that mononuclear O2 adducts to [ReV(O)(cat)2]– do not accumulate to 
significant concentrations suggests that the computed kinetic barrier to the second step 
may be overestimated. Indeed, in conditions where the biphasic kinetics are most 
apparent, the second phase of the reaction is only approximately a factor of 3 slower 
than the first. Because cis-[ReV(O)(cat)2]– is a reactant common to both steps, it is likely 
that isomerization of trans-ReV(O)(cat)2]– to the cis isomer contributes to the kinetic 
barrier in both reaction steps. Further support for the intermediacy of ligand–centered 
oxidation products in reactions of [ReV(O)(cat)2]– with oxygen radicals, as well as 
consideration of the relative products of 1e– versus 2e– oxidation of [ReV(O)(cat)2]–, 
follows. 
2.3.2 Ligand Redox Activity In 1e– Reactions with Oxygenic Radicals. 
In total, the redox–active nature of the [cat]2– ligand is proposed to lower the 
barrier to O2 homolysis at [ReV(O)(cat)2]– in two ways. First, both O2 binding to 
[ReV(O)(cat)2]– and reaction of [ReV(O)(O2●–)(cat)(sq●)]– with [ReV(O)(cat)2]– formally 
requires 1e– oxidation of [ReV(O)(cat)2]–. With redox–inert ligands, this 1e– necessarily 
derives from the rhenium(V) center, but mononuclear oxorhenium(VI) complexes are 
comparatively rare versus their d0/d2 counterparts. Ligand-centered oxidation provides a 
pathway for 1e– redox chemistry at the oxorhenium(V) ion that does not require 
formation to an oxorhenium(VI) species. Second, delocalization of spin density onto the 
redox–active ligand likely lowers the barrier to spin crossover in the formally spin–
forbidden reaction of [ReV(O)(cat)2]– with O2. This effect is similarly important in the 
second step of the reaction, wherein formation of the dinuclear peroxo-bridged complex 
likely occurs by attack of the radical superoxo group in [ReV(O)(O22–)(cat)(sq●)]– on cis-
[ReV(O)(cat)2]–. The triplet diradical η1-superoxo complex is formally a spin-forbidden 
excited state. But the principle of microscopic reversibility predicts that the same 
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electronic properties that facilitate spin crossover with O2 addition also lower the barrier 
to isomerization to the reactive triplet species.  
Direct experimental evidence for the intermediacy of semiquinonate [sq●]– free 
radical intermediates has been experimentally elusive, and the computed reaction 
coordinate in fact suggests that they may be in short-lived. But the sum of other data 
provides strong, indirect support for the importance of ligand-centered redox changes in 
all of these elementary steps. First, reactions with structural homologs of [ReV(O)(cat)2]– 
containing substituted [cat]2– ligands exhibit two important trends: (1) All three 
oxorhenium(V) complexes with redox-active catecholate and amidophenolate ligands 
homolyze O2 to generate the corresponding dioxorhenium(VII) products, but 
[ReV(O)(ox)2]– with redox-inert oxalate ligands is inert to O2; (2) the relative rates of O2 
homolysis parallel the oxidation potentials of the redox–active ligands, with [apPh]2– > 
[cat]2– > [Br4cat]2–.104,105
Further evidence for ligand–centered changes in oxidation state during 1e– redox 
bond–forming reactions at oxorhenium(V) comes from reactions of [ReV(O)(cat)2]– with 
stable nitroxyl radicals.
 As discussed below, these two trends are not rationalized by 
thermodynamic factors alone, and are most consistent with the redox–active ligand 
affording access to a kinetically preferred pathway. Moreover, the observation of [ibqPh] 
and [ibqPh]-derived products in reactions of with [ReV(O)(apPh)2]– with O2 implies that 
ligand oxidation is viable under the reaction conditions.  
106 As shown in eq. 5, addition of the stable nitroxyl radical 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO●) to [ReV(O)(cat)2]– gives clean conversion 
to [ReVII(O)2(cat)2]– in minutes at ambient temperature. The net reaction is a very unusual 
oxygen atom transfer from TEMPO● that oxidizes the metal fragment by 2e–. However, 
the initial Re–O bond forming reaction is a spin-forbidden 1e– process, wherein attack of 
the nitroxyl radical on cis-[ReV(O)(cat)2]– formally reduces TEMPO● to the closed-shell 
[TEMPO]– (eq. 6). Mechanistic studies suggest that the reducing electron required for 
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TEMPO● binding also derives from a [cat]2– ligand to generate [sq●]– complex 
intermediates. The parallels to the Re–O2 bond-forming reactions described above are 
striking. In all of these reactions, the ability of the redox-active ligands to mediate 1e– 
transfer imparts a remarkable radical-like reactivity to the closed-shell [ReV(O)(cat)2]– 








2.3.3 1e– Versus 2e– Redox in O2 Homolysis 
The thermodynamic driving force for O2 homolysis by [ReV(O)(cat)2]– and its 
derivatives is a function of the ReVII=O bond dissociation enthalpies (BDEs) of the 
resulting dioxorhenium(VII) products.41,42All of [ReV(O)(cat)2]–, [ReV(O)(Br4cat)2]–, and 
[ReV(O)(apPh)2]– are rapidly oxidized to the corresponding dioxo products with 
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stoichiometric addition of 1 equiv of strong oxo donors, such as pyridine N-oxide, DMSO, 
or OAsPh3. The dioxo species are all reduced by PPh3 to regenerate the respective 
oxorhenium(V) anions. Together, these results bracket the ReVII=O BDEs of 
[ReVII(O)2(cat)2]–, [ReVII(O)2(Br4cat)2]–, and [ReVII(O)2(apPh)2]– within the same, rather large 
range, 118 ± 15 kcal mol–1.107
Given the large experimental uncertainty in determination of the ReVII=O BDEs, 
thermodynamic contributions to the observed differences in rates of O2 cleavage cannot 
be rigorously evaluated. Oxygen-atom addition to the oxorhenium(V) anions is formally a 
2e– oxidation of the metal fragment. It is probable that [ReV(O)(apPh)2]–, containing the 
most electron-rich ligand, is most easily oxidized by 2e–, and therefore has the most 
exothermic reaction with O2. However, thermodynamics alone cannot rationalize the 
observed rates of reactions with O2. In particular, the [ReV(O)(ox)2]– anion is remarkably 
stable in O2. But reactions with oxidants, including DMSO, rapidly decompose 
[ReV(O)(ox)2]–, presumably via oxo group transfer to generate [ReVII(O)2(ox)2]–. 
Importantly, [ReV(O)(ox)2]– also deoxygenates [ReVII(O)2(cat)2]– (eq. 4, Scheme 2.4). The 
driving force for these oxygen-atom transfer reaction may be the instability of the 
putative [ReVII(O)2(ox)2]– product, but the fact that a reaction occurs at all suggests that 
equilibrium 2e– oxo–group transfer to [ReV(O)(ox)2]– is not prohibitive. Accordingly, 
[ReVII(O)2(cat)2]– is a competent catalyst for the aerobic decomposition of [ReV(O)(ox)2]–, 
implying that the thermodynamics of O2 cleavage by [ReV(O)(ox)2]– are favorable. The 
lack of a reaction with O2 must, then, be kinetic in origin. It was postulated that the 
 An estimate of the ReVII=O BDE in [ReV(O)(ox)2]– could not 
be made by this method because [ReVII(O)2(ox)2]– is not isolable (vide supra). 
Accordingly, all of the bimetallic O2 homolysis reactions are exothermic by at least 43.1 
kcal mol–1 of rhenium, and up to 73.8 kcal mol–1 of rhenium, but uncertainty in 
determination of the respective BDEs precludes precise determination or comparison of 
the energetics of the individual reactions.  
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source of this kinetic inhibition is the absence of a redox-active ligand to mediate the 1e– 
redox steps that key formation of the intermediate O2 adducts. 
2.3.4 Implications for Bimetallic Activation and Assembly of O2. 
The mechanism of O2 homolysis by [ReV(O)(cat)2]– and its derivatives mirrors that 
proposed for most biological oxygenases and models systems.20,25,32In particular, the net 
4e– reduction of O2 occurs through a series of 1e– steps, via superoxo and peroxo 
intermediates.25 Because bimetallic O2 homolysis to make two terminal metal-oxo groups 
is formally a 2e– oxidation of each metal center, the reaction is appropriately viewed as 
two oxygen-atom transfers from O2 to the metal ions. Accordingly, the thermodynamics 
of the oxygen–atom transfer reaction are determined by of the BDEs of the oxo donor 
and acceptor substrates, allowing for a straightforward prediction of the reaction 
spontaneity.42The utility of these 2e– oxo–transfer couples in rationalizing metal-
mediated oxidation reactions is well established.41But unlike many strong oxo donors, O2 
is a kinetically poor oxidant. This study suggests that the ability of the transition metal to 
mediate 1e– transfer may be a crucial factor in determining the facility of reactions with 
O2, because the absence of an accessible 1e– redox couple can introduce a kinetic 
barrier to O2 homolysis.  
Biological oxygenases overwhelmingly utilize naturally abundant 3d transition 
metal ions in their catalytic active sites, so the intermediacy of partially reduced O2 
complexes in both natural and synthetic oxygenases is a consequence the fact that the 
preferred redox pathway for nearly all 3d transition metals is 1e– transfer.39 In contrast, 
later 4d and 5d transition metal complexes find utility in many selective bond-making and 
bond-breaking reactions because of their ability to mediate the transfer of multiple 
electrons while avoiding odd-electron intermediates. The [ReV(O)(cat)2]– is not 
structurally or electronically unique as compared to the many five coordinate 
oxorhenium(V) complexes that have been extensively employed as oxo-transfer 
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reagents,41,49,98,99 except for one factor. The complexes reported here have redox-active 
ligands, which afford access a low-energy pathway for the 1e– bond-forming reactions 
with O2. By way of comparison, a 2003 review49 of oxo transfer reactions catalyzed by 
oxorhenium(V) complexes with redox-inert ligands highlights (1) the scarcity of ReVI, as 
compared to ReV and ReVII, and the absence of free radical reactivity; (2) the general 
lack of reactivity with dioxygen. The few species that do react with O2 do not cleanly 
homolyze the O–O bond to generate terminal oxo ligands.49,108
41
 In contrast, a 
comparatively large number of the isoelectronic oxomolybdenum(IV) species are 
oxidized by O2 to afford dioxomolybdenum(VI) complexes, ,109
The implications of this conclusion are far-reaching. It suggests that designs for 
new oxygenase-type catalysts should consider not only the 2e– thermodynamic stability 
of the resulting oxometal fragment, but also the accessibility of a 1e– redox couple. 
Moreover, the same electronic features that facilitate bimetallic O2 homolysis are 
necessarily implicit in the reverse reaction, symmetric assembly of O2 by coupling of two 
metal oxo fragments. This step is commonly invoked in proposed schemes for catalytic 
water oxidation.
 but molybdenum(V) has 
been noted to "intervene more directly" than rhenium(VI) in oxo transfer reactions. 
Accordingly, for facile cleavage of O2, an accessible 1e– redox couple may be at least as 
important as an ability to deliver 2e– in reactions with oxo-donor substrates.  
80,82 The data presented herein suggests that coupling to redox–active 
ligands may provide a mechanism for accessing odd–electron intermediates in the net 
4e– bond-forming process. To this end, one complex with redox-active quinone ligands 
has been shown to have good catalytic activity for water oxidation.110,111
110
 It is intriguing to 
note that computational studies suggest quinone ligand centered redox chemistry may 





A series of five-coordinate oxorhenium(V) complexes with redox-active 
catecholate and amidophenolate ligands have been prepared and shown to effect clean 
bimetallic cleavage of O2 to give dioxorhenium(VII) products. The rates of the O2 
homolysis reactions parallel the oxidation potentials of the redox–active ligands, with 
[apPh]2– > [cat]2– > [Br4cat]2–. A structural homolog with redox–inert oxalate ligands does 
not react with O2. The thermodynamics of O2 cleavage by all of the oxorhenium(V) 
complexes are favorable, so thermodynamics alone cannot explain the relative rates of 
the reactions, especially the stability of [ReV(O)(ox)2]– in O2. 
 Instead, the sum of the experimental and computational data suggest that redox-
active ligands lower the kinetic barrier to bimetallic O2 homolysis at five–coordinate 
oxorhenium(V), by giving access to 1e– redox steps that are crucial for formation and 
stabilization of intermediate O2 adducts. Bimetallic O2 activation occurs by two 
sequential Re–O bond forming reactions, which generate mononuclear η1-superoxo, and 
then binuclear trans-μ-1,2-peroxo-bridged, complexes. Formation of both Re–O bonds 
requires trapping of a triplet radical dioxygen species by a cis-[ReV(O)(cat)2]– anion. In 
each reaction the dioxygen fragment is reduced by 1e–, so generation of each new Re–
O bond requires that an oxometal fragment is oxidized by 1e–. With redox–inert ligands, 
this 1e– necessarily derives from the rhenium(V) center. But mononuclear 
oxorhenium(VI) species are rare, and oxorhenium(V) complexes are not generally prone 
to 1e– transfer or free radical reactivity. The complexes containing a redox-active ligand 
can access a lower energy reaction pathway for the 1e– Re–O bond forming reaction 
because the metal fragment can be oxidized without a change in formal rhenium 
oxidation state. It is also likely that redox-active ligands facilitate O2 homolysis by 
lowering the barrier to the formally spin-forbidden reactions of triplet dioxygen with the 
closed shell oxorhenium(V) anions. 
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In sum, introduction of a redox-active ligand orthogonalizes 1e– and 2e– redox at 
oxorhenium(V), which allows high-valent rhenium to utilize a mechanism for O2 activation 
that is more typical for oxygenase enzymes and models based on 3d transition metal 
ions: O2 cleavage occurs by a net 2e– process through a series of 1e– steps. Ongoing 
studies in our laboratory are pursuing the use of redox-active ligand 1e– redox for 
multielectron oxygenasetype catalysis, as well as the microscopic reverse reaction, O–O 
bond formation from coupling of two M=O fragments for catalytic water oxidation. 
2.5 Experimental Details and Supplementary Material 
2.5.1 General Considerations.  
Unless otherwise specified, all manipulations were performed under anaerobic 
conditions using standard vacuum line techniques, or in an inert atmosphere glove box 
under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 300 
spectrometer (300.323 MHz for 1H; 75.5 MHz for 13C) or a Varian Mercury 400 
spectrometer (161.9 MHz for 31P) at ambient temperature. Variable temperature NMR 
spectra were obtained with a Bruker AMX 400 spectrometer (400.138 MHz for 1H). All 
chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual 
solvent peak serving as an internal reference. UV–visible absorption spectra were 
acquired using a Varian Cary 50 spectrophotometer. Unless otherwise noted, all 
electronic absorption spectra were recorded at ambient temperatures in 1 cm quartz 
cells. UV–vis chemical kinetics data were fit by iterative multivariate analysis using the 
commercially available software Specfit/32 from Spectrum Software Associates. IR 
spectra were obtained in KBr or Nujol using a Shimadzu 8400S Fourier transform 
infrared spectrophotometer or a Perkin Elmer 1000 FT-IR spectrophotometer. All mass 
spectra were recorded in the Georgia Institute of Technology Bioanalytical Mass 
Spectrometry Facility. Electrospray ionization mass spectrometry (ESI-MS) was carried 
out with acetonitrile solutions using a Micromass Quattro LC spectrometer. Electron 
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impact mass spectra (EI-MS) were obtained using a VG instruments model 70-SE 
spectrometer. Fast atom bombardment mass spectra (FAB-MS) were acquired in the 
negative mode on a VG Instruments 70-SE spectrometer. Elemental analyses were 
performed by Atlantic Microlab, Inc., Norcross, GA. All analyses were performed in 
duplicate, and the reported compositions are the average of the two runs.  
2.5.2 Methods and Materials.  
Anhydrous acetonitrile (MeCN), dichloromethane, and pentane solvents for air- 
and moisture-sensitive manipulations were purchased from Sigma-Aldrich and further 
dried by passage through columns of activated alumina, degassed by at least three 
freeze-pump-thaw cycles, and stored under N2 prior to use. Methanol (anhydrous, 
99.0%), was purchased from Honeywell Burdick and Jackson. Ethanol (anhydrous, 200 
proof, 99.5%), was purchased from Sigma-Aldrich. Acetone (99.8%, extra dry) was 
purchased from Acros. All were used as received. Oxygen (ultra high purity) was used 
as received from Airgas, Inc. Deuterated acetonitrile (MeCN-d3) was purchased from 
Cambridge Isotope Laboratories, degassed by three freeze-pump-thaw cycles, vacuum 
distilled from CaH2, and stored under a dry N2 atmosphere prior to use. 
[ReV(O)(PPh3)2Cl3],84 (Et4N)[ReV(O)(cat)2],71 (Et4N)[ReV(O)(PPh3)(cat)2],84 
(Et4N)[ReVII(O)2(cat)2],71 (nBu4N)[ReV(O)(OPPh3)(Br4cat)2],112 and 2,4-di-tert-butyl-6-
(phenylamino)phenol (H2apPh; Scheme 2.2)113
2.5.3 Preparation of (Me4N)[ReV(O)(apPh)2].  
 were prepared by literature methods. All 
characterization data matched those referenced. All other reagents were purchased from 
Sigma–Aldrich and used as received. 
A 50 mL flask with a Kontes brand high-vacuum PTFE valve was charged with 
[ReVO(PPh3)2Cl3] (0.251 g, 0.302 mmol), Me4NCl (0.242 g, 2.22 mmol), H2apPh (0.181 g, 
0.608 mmol), and MeOH (10 mL). Et3N (180 μL, 1.29 mmol) was slowly added with 
vigorous stirring to afford a green suspension. The flask was sealed and immersed in a 
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silicone fluid bath at 85 °C for 4 h to yield a clear, dark green solution, then slowly cooled 
to ambient temperature and stored under N2 for 15 h to precipitate the desired product. 
Filtration through a fritted funnel afforded lime green crystals of (Me4N)[ReV(O)(apPh)2] 
(0.196 g, 0.226 mmol, 75%). UV–vis (MeCN) λmax, nm (ε, M–1 cm–1): 316 (19000), 620 
(40). 1H NMR (300 MHz, MeCN–d3, $): 7.34, 7.26 (br, NPh: ortho, meta, 8H); 7.09 (t, J = 
7 Hz, NPh: para, 2H); 6.74 (d, J = 2 Hz, ArH, 2H); 6.53 (d, J = 2 Hz, ArH, 2H); 3.02 (s, 
Me4N+, 12H); 1.17 (s, –C(CH3)3, 9H); 1.02 (s, –C(CH3)3, 9H). Samples of [ReV(O)(apPh)2]– 
for elemental analysis contained 1 molecule of MeOH. MeOH is also observed in the X-
ray crystal structure. The reported analysis is for (Me4N)[ReV(O)(ap)2]•MeOH. Anal. 
Calcd for C45H66N3O4Re: C, 60.11; H, 7.40; N, 4.67; Found: C, 60.23; H, 7.35; N, 4.85. 
2.5.4 Preparation of (Et3NH)[ReV(O)(PPh3)(ox)2].  
[ReV(O)(PPh3)2Cl3] (0.251 g, 0.300 mmol) and oxalic acid dihydrate (H2ox•2H2O) 
(0.075 g, 0.590 mmol) were combined in air with anhydrous EtOH (15 mL) in a 50 mL 
round bottom flask, and Et3N (165 μL, 1.18 mmol) was added dropwise with vigorous 
stirring. The resulting green suspension was heated to reflux to give a clear green 
solution which became violet over for 40 min. The solution was cooled to room 
temperature and stored at 8 °C for 15 h to yield finely-divided purple solids, which were 
collected by vacuum filtration. The solids were purified by precipitation from CH2Cl2 with 
pentane, affording microcrystalline (Et3NH)[ReV(O)(PPh3)(ox)2] (0.169 g, 0.223 mmol, 
87%). UV–vis (MeCN) λmax, nm (ε, M–1 cm–1): 550 (40), 705 (40). FTIR (KBr): 3541 (br), 
3459 (br), 3059 (m), 2986 (w), 1759 (s, ox2– C=O), 1708 (s, ox2– C=O), 1670 (s, ox2– 
C=O), 1480 (w), 1435 (w), 1393 (w), 1374 (w), 1304 (m), 1250 (w), 1192 (w), 1160 (w), 
1097 (m), 1046 (w), 1008 (m), 883 (m), 836 (w), 809 (m), 790 (m), 753 (m), 710 (m), 694 
(m), 578 (w), 531 (m) cm–1. 13C NMR (300 MHz, MeCN–d3, $): 166.43, 164.75, 161.00, 
160.30 (all ox); 135.32 (d, J = 11 Hz), 133.12 (d, J = 2 Hz), 130.12 (d, J = 11 Hz) (all 
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PPh3); 47.71, 9.15 (Et3NH+). Samples of [ReV(O)(PPh3)(ox)2]– for elemental analysis 
were obtained from concentrated EtOH solutions. The reported analysis is for 
(Et3NH)[ReV(O)(ox)2(PPh3)]•EtOH, and the presence of one EtOH in the sample was 
confirmed by 1H NMR spectroscopy. Anal. Calcd for C30H37NO10PRe: C, 45.68; H, 4.73; 
N, 1.78; Found: C, 45.48; H, 4.73; N, 1.90. 
2.5.5 Preparation of (Et4N)[ReVII(O)2(Br4cat)2].  
A 250 mL round bottom flask was charged with a clear green solution of 
(Et4N)[ReV(O)(Br4Cat)2(OPPh3)] (1.463 g, 1.02 mmol) in acetone (75 mL) and stirred in 
air for 3 d, resulting in a color change to dark purple. The reaction mixture was chilled to 
8 °C and purple solids precipitated from solution over 15 h. The solids were collected by 
vacuum filtration, washed with EtOH (2 x 15 mL, cold), and ether (2 x 15 mL), and dried 
in vacuo to give (Et4N)[ReVII(O)2(Br4cat)2] (1.097 g, 0.917 mmol, 91%) as a purple 
powder. UV–vis (MeCN) λmax, nm (ε, M–1 cm–1): 280 (12000), 405 (5200), 535 (5200). 
FAB–MS (m/z): 1066 [M–Et4N]–. FTIR (KBr): 3957 (w), 3905 (w), 2980 (w), 2362 (w), 
2327 (w), 1750 (w), 1709 (w), 1538 (w), 1515 (m), 1480 (m),1454 (w), 1436 (w), 1400 (s, 
Br4Cat2– CC), 1358 (m), 1297 (w), 1255 (m, Br4Cat2– C–O), 1234 (m), 1172 (w), 1096 
(w), 1066 (w), 999 (m), 948 (s), 922 (s), 786 (w), 756 (m), 740 (m), 692 (w), 651 (w) 576 
(m) cm–1. Anal. Calcd for C20H20Br8NO6Re: C, 20.07; H, 1.69; N, 1.17; Found: C, 20.34; 
H, 1.65; N, 1.32. 
2.5.6 Preparation of (Et4N)[ReVII(O)2(apPh)2].  
Method 1. Using the procedure described above for preparation of 
[ReV(O)(apPh)2]–, [ReO(PPh3)2Cl3] (0.648 g, 0.780 mmol), Et4NCl (0.512 g, 3.09 mmol), 
H2apPh (0.214 g, 0.719 mmol), MeOH (20 mL), and Et3N (425 μL, 3.04 mmol) were 
combined in a sealable 100 mL flask and heated in a silicone fluid bath at 85 °C for 4 h. 
The resulting clear green solution containing (Et4N)[Re(O)(apPh)2] was slowly cooled to 
ambient temperature and exposed to air, effecting a color change to dark violet. Slow 
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evaporation of the solvent over 30 d deposited violet crystals, which were collected by 
vacuum filtration through a fritted funnel and washed with diethyl ether (2 % 15 mL) to 
afford (Et4N)[ReVII(O)2(apPh)2] (0.122 g, 0.130 mmol, 18%). Method 2. A 20 mL 
scintillation vial was charged with (Et4N)[Re(O)(apPh)2] (0.135 g, 0.146 mmol) and 
dissolved in 2 mL CH2Cl2. Slow addition of 0.406 M pyridine N-oxide in CH2Cl2 (400 μL, 
0.16 mmol) with vigorous stirring afforded an immediate color change from a pale green 
to a dark violet. The solution was stirred for 24 h and the solvent was removed under 
reduced pressure. The resulting dark powder was washed with pentane (3 x 2 mL) and 
dried in vacuo to yield (Et4N)[ReV(O)2(ap)2] (0.114 g, 0.121 mmol, 80%). UV–vis (CH2Cl2) 
λmax, nm (ε, M–1 cm–1): 292 (17000), 415 (sh, 6500), 494 (7500), 602 (8000). 8! FAB–MS 
(m/z): 809 [M–Et4N]–. 1H NMR (300 MHz, MeCN–d3, $): 7.34 (m, NPh: ortho, meta, 
8H); 7.04 (tt, J = 7, 1 Hz, NPh: para, 2H); 6.43 (d, J = 2 Hz, ArH, 2H); 6.08 (d, J = 2 Hz, 
ArH, 2H); 3.42 (q, J = 7.3 Hz, (CH3CH2)4N+, 8H); 1.33 (tt, J = 7.3, 1.9 Hz, (CH3CH2)4N+, 
12H) 1.25 (s, tBu, 18H); 1.10 (s, tBu, 18H). Anal. Calcd for C48H70N3O4Re: C, 61.38; H, 
7.51; N, 4.47; Found: C, 61.10; H, 7.52; N, 4.44. 
2.5.7 Reactions with Dioxygen.  
In a representative procedure, a 1.0 cm quartz cuvette fitted with a Kontes brand 
high-vacuum PTFE valve was charged with 2.0 mL of [ReV(O)(cat)2]– (7.5 x 10–5 M) in 
CH2Cl2 and sealed under N2. The solution was degassed on a high-vacuum line by three 
freeze-pump-thaw cycles and an initial spectrum was acquired. The cuvette was then 
backfilled with 1 atm of O2, shaken vigorously, placed in a Peltier UV–vis cell holder with 
a magnetic stirrer, and stirred to maintain a constant concentration of dissolved O2 
throughout the reaction. The reaction progress was monitored by UV–vis spectroscopy 
(200–900 nm) for 35 min at 48 s intervals. For reactions with air, the solutions were 
similarly prepared under N2 and degassed prior to air exposure. For NMR kinetics 
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studies, a J. Young brand NMR tube with a Teflon screw cap was used in place of the 
sealable cuvette. 
2.5.8 X-ray Crystallography.  
Crystals of (Et3NH)[ReV(O)(apPh)2]•0.25MeOH, 
(Et3NH)[ReV(O)(ox)2(PPh3)]•1.5EtOH, and (Et4N)[ReVII(O)2(apPh)2] suitable for X-ray 
diffraction analysis were coated with Paratone N oil, suspended on a small fiber loop and 
placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 APEX II CCD sealed 
tube diffractometer. Data for (Et4N)[ReVII(O)2(apPh)2] was obtained with graphite 
monochromated Cu Kα (λ = 1.54178 Å) radiation. Diffraction data for 
(Et3NH)[ReV(O)(apPh)2]•0.25MeOH and (Et3NH)[ReV(O)(ox)2(PPh3)]•1.5EtOH were 
collected using graphite monochromated Mo Kα (λ= 0.71073 Å) radiation. All other data 
collection procedures, data processing and programs were the same for all samples. 
Data were measured using a series of combinations of phi and omega scans with 10 s 
frame exposures and 0.5° frame widths. Data collection, indexing and initial cell 
refinements were all carried out using APEX II software.114 Frame integration and final 
cell refinements were done using SAINT software.115 The final cell parameters were 
determined from least–squares refinement on 9899 reflections for 
(Et3NH)[ReV(O)(apPh)2]•0.25MeOH, 6871 reflections for 
(Et3NH)[ReV(O)(ox)2(PPh3)]•1.5EtOH, and 8761 reflections for (Et4N)[ReVII(O)2(apPh)2]. 
The structures were solved using direct methods and difference Fourier techniques 
using the SHELXTL program package.116 Hydrogen atoms were placed in their expected 
chemical positions using the HFIX command and were included in the final cycles of 
least squares with isotropic Uij's related to the atoms ridden upon. All non–hydrogen 
atoms in (Et4N)[ReVII(O)2(apPh)2] were refined anisotropically, but only the metal–
containing fragments in (Et3NH)[ReV(O)(apPh)2]•0.25MeOH and 
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(Et3NH)[ReV(O)(ox)2(PPh3)]•1.5EtOH were refined anisotropically. Scattering factors and 
anomalous dispersion corrections are taken from the International Tables for X-Ray 
Crystallography.117
 
 Other details of data collection and structure refinement are provided 




Figure 2.10. Plot of ln |At –Af| versus time for UV–vis absorption data collected at 554 
nm in a reaction of 8 x 10–5 M [ReV(O)(cat)2]– with 1 atm O2 in CH2Cl2 at 25 °C to 

















Table 2.1. Crystallographic Data and Structure Parameters for (Et3NH)[ReV(O)(apPh)2]– • 
0.25 MeOH (A), (Et3NH)[ReV(O)(ox)2(PPh3)]– • 1.5 EtOH (B), and (Et4N)[ReVII(O)2(apPh)2] 
(C). 
 
Complex A B C 
Empirical Formula C46.25H67N3O3.25Re C31H40NO10.5PRe C48H70N3O4Re 
Formula Weight 923.23 811.81 939.27 
T (K) 173(2) 173(2) 173(2) 
Crystal System monoclinic triclinic orthorhombic 
Space Group P21/n P–1 Pbca 
Unit cell dimensions    
a (Å) 13.6961(17) 9.694(5) 21.3050(4) 
b (Å) 23.198(3) 13.247(6) 11.0850(2) 
c (Å) 15.4092(19) 13.851(7) 39.1021(7) 
α (°) 90 90.283(8) 90 
β (°) 114.484(2) 97.568(7) 90 
γ (°) 90 99.833(8) 90 
V (Å3) 4455.6(6) 1737.8(14) 9234.6(3) 
Z 4 2 8 
Dcalc (g cm–1) 1.346 1.551 1.351 
Absorption 
coefficient (mm–1) 
2.768 3.597 5.483 
Crystal size (mm) 0.23 x 0.13 x 0.06 0.44 x0.32 x0.16 0.28 x 0.19 x 0.05 
θ range for data 
collection (°) 
1.68–28.50 1.48–28.17 2.26–66.96 
Index ranges –18 ≤ h ≤ 18 
–30 ≤ k ≤ 30 
–20 ≤ l ≤ 20 
–12 ≤ h ≤ 12 
–17 ≤ k ≤ 17 
–18 ≤ l ≤ 18 
–20 ≤ h ≤ 24 
–12 ≤ k ≤ 12 
–44 ≤ l ≤ 44 
Reflections 
collected/unique 
64625/11138 23686/8461 32480/7856 
Goodness of fit on 
F2 
1.018 1.096 1.022 
R [I > 2σ(I)] 0.0433 0.0278 0.0270 
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Deoxygenation of Nitroxyl Radicals by Oxorhenium(V) 
Complexes with Redox–Active Ligands 
 
3.1 Introduction 
An ability to engender 1e– versus 2e– redox selectivity is paramount for realizing 
a variety of synthetically important bond-making and -breaking redox reactions.1– 3 Low-
coordinate oxorhenium(V) complexes are prototypical 2e– redox reagents, with particular 
utility for mediating oxygen-atom transfer.4– 7 We speculated that coordination to a redox-
active ligand may afford access to 1e– redox reactions that are atypical of oxorhenium(V) 
complexes, while preserving the ability of the metal to mediate 2e– oxo-transfer 
reactivity.8– 15 This strategy was successfully applied to bimetallic O2 homolysis at five-
coordinate oxorhenium(V) species.16
3.2 Results 
 Reported herein are remarkable 2e– deoxygenation 
reactions of stable nitroxyl radicals by five-coordinate oxorhenium(V) anions. Kinetics 
studies suggest a multistep reaction mechanism, where, by analogy to the first step of 
O2 activation, redox-active ligands are proposed to facilitate 1e– trapping of oxygen 
radicals. 
The addition of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO●) to tan solutions 
containing the five-coordinate monooxo anion [ReV(O)(cat)2]– ([cat]2–=1,2-catecholate) in 
CH3CN immediately produces a dark-purple solution containing the cis-dioxo 
[ReVII(O)2(cat)2]– complex. When the reaction is performed at 25 oC in NMR tubes 
containing CD3CN, the oxidation is complete prior to acquisition of an initial spectrum 
(<10 min). Under identical conditions, the oxidation of [ReV(O)(cat)2]– with 1 atm of air 
requires >3 h, indicating that the observed process does not result from O2 
contamination. Integration of the 1H NMR resonances for [ReVII(O)2(cat)2]– confirms the 
stoichiometry shown in Scheme 3.1. Two new methyl resonances are also observed in a 
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3:1 ratio. Analysis of a similarly prepared purple CH3CN solution by gas 
chromatography–mass spectrometry (GC-MS) (Figures 3.1, 3.2a, and 3.2b) confirms 
that these correspond to 2,2,6,6–tetramethylpiperidine (TMP-H) and the N-cyanomethyl 
congener (TMP-CH2CN) (Scheme 3.1). When the reaction is performed in CD3CN, the 
molecular ion peaks increase by 1 and 2 atomic mass units, respectively, implicating the 
solvent in the reaction (Figures 3.3, 3.4a, and 3.4b). Performing a reaction of 
[ReV(O)(cat)2]– with 1 equiv of TEMPO● in the presence of excess (13 equiv) 9,10-
dihydroanthracene (DHA) as a sacrificial H● source affords TMP-H as the only 
observable product by GC-MS (Figure 3.12). The reaction of [ReV(O)(cat)2]– with 1 equiv 
of TEMPO● in a 80:20 CD3CN:CH3CN mixture gives only the protio amine species (TMP-
H and TMP-CH2CN), as determined by analysis of their respective isotopic compositions 
by GC-MS. Assuming a detection limit of 10%, the selectivity of >90% for protio products 
gives an estimate of the lower limit for kH/kD > 36, which is in excellent agreement with a 
reported value.17
 






Figure 3.1. Gas chromatogram from a reaction of [ReV(O)(cat)2]– (0.035 mmol) with 
TEMPO● (0.033 mmol) performed in CH3CN. Assuming a linear response, integration of 
the peak areas corresponding to the TMP-H and TMP-CH2CN products suggests that 




Figure 3.2a. Electron impact mass spectrum (EI–MS) of the TMP-H fraction from the 
gas chromatogram shown in Figure 3.1. 
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Figure 3.2b. Electron impact mass spectrum (EI–MS) of the TMP-CH2CN fraction from 




Figure 3.3. Gas chromatogram from a reaction of [ReV(O)(cat)2]– (0.023 mmol) with 
TEMPO● (0.022 mmol) performed in CD3CN. Assuming a linear response, integration of 
the peak areas corresponding to the TMP-D and TMP-CD2CN products suggests that 




Figure 3.4a. Electron impact mass spectrum (EI–MS) of the TMP-D fraction from the 




Figure 3.4b. Electron impact mass spectrum (EI–MS) of the TMP-CD2CN fraction from 
the gas chromatogram shown in Figure 3.3. 
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Reactions of [ReV(O)(cat)2]– with TEMPO● in ethanol, tetrahydrofuran, or CH2Cl2 
all gave clean and quantitative conversion to [ReVII(O)2(cat)2]–, as evidenced by 1H NMR 
and UV–vis spectroscopy. All of the reactions contained TMP-H as the major TEMPO●-
derived organic product (65–100%), with minor species apparently arising from radical 
decomposition of the solvent. Clean conversion of [ReV(O)(cat)2]– to [ReVII(O)2(cat)2]– 
was similarly achieved in stoichiometric reactions with the stable di-tert-butylnitroxyl and 
tert-amyl-tert-butylnitroxyl radicals. For both, a complex mixture of amine–containing 
organic products was observed in neat CH3CN solutions, but reactions performed in the 
presence of excess DHA (10-15 equiv) gave only the expected R2N–H products by GC–
MS. 
Structural homologues of [ReV(O)(cat)2]– were prepared by both new and 
previously reported methods. As detailed elsewhere,16 [ReV(O)(OPPh3)(Br4cat)2]– and 
[ReV(O)(PPh3)(ox)2]– ([Br4cat]2– = tetrabromo-1,2-catecholate; [ox]2– = ethanedioate, 
C2O42–) have labile OPPh3 and PPh3 ligands, which make them precursors to the 
corresponding five coordinate oxorhenium(V) fragments. Square-pyramidal 
(Et4N)[Re(O)(3,5-tBu2cat)2] ([3,5-tBu2cat]2–=3,5-di-tert-butylcatecholate; Figure 3.5 and 







Figure 3.5. Solid–state structure of the anion in (Et4N)[ReV(O)(3,5-tBu2cat)2] shown with 
50% probability ellipsoids. Hydrogen atoms and countercation omitted for clarity. 
Selected bond lengths (Å) and angles (deg): Re1–O1 1.964(4), Re1–O2 1.968(4), Re1–
O3 1.676(6), O1–Re1–O2 80.66(17), O1–Re1–O1A 85.1(2), O2–Re1–O2A 85.3(2), O1–




The addition of 1 equiv of TEMPO● to CH3CN solutions containing the redox-
active ligand complex [ReV(O)(3,5-tBu2-cat)2]– or [ReV(O)(OPPh3)(Br4cat)2]– affords clean 
and quantitative conversion to the corresponding dioxorhenium(VII) products. In 
contrast, GC-MS analysis of CH3CN solutions containing [ReV(O)(PPh3)(ox)2]– and 1-3 
equiv of TEMPO● shows no TMP-H or TMP-CH2CN over 3 days at 25 oC and <5% TMP-
H after 42 h at 70 oC. Oxidation of [ReV(O)(PPh3)(ox)2]– by strong oxygen atom donors, 
including pyridine N–oxide, leads to rapid decomposition to [ReO4]–,16 so the stability of 
TEMPO● in [ReV(O)(PPh3)(ox)2]– solutions implies that the [ReV(O)(ox)2]– core does not 
abstract an oxygen atom from TEMPO●. 
The reaction of [ReV(O)(cat)2]– with TEMPO● in a dilute CH3CN solution is 
sufficiently slow to permit monitoring by UV–vis absorption spectroscopy. Under pseudo-
first-order conditions ([ReV]=0.15mM; [TEMPO●]=1.5-6.0mM), the concentration-time 
data are clearly biphasic, indicating that an intermediate species accumulates during the 
reaction (Figures 3.6 and 3.7 and 3.8). Global iterative analysis of the full spectral 
window using an A → B → C integrated rate law model yields good first-order fits to both 
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the growth and decay phases of the reaction, with two exponential equations 
corresponding to consecutive first-order processes. The reactions performed with varied 
concentrations of [ReV(O)(cat)2]– and TEMPO● indicate that the first phase of the 
reaction is first-order with respect to both reactants; the rate constant for the second 
reaction phase shows a zero order dependence on the TEMPO● concentration (Figure 
3.9 and Table 3.1 and Table 3.2). The reactions of TEMPO● with [ReV(O)(3,5-tBu2cat)2]– 
are also biphasic (Figure 3.10), but analogous reactions with [ReV(O)(OPPh3)(Br4cat)2]– 
are instead fit best by an A → B → C → D rate law model (Figure 3.11). The generation 
of [ReVII(O)2(Br4cat)2]– in the C → D phase occurs very slowly, but formation of the 




Figure 3.6. UV–vis absorption data for a reaction of 0.14 mM [ReV(O)(cat)2]– with 1.5 
mM TEMPO● at 25 oC in CH3CN to generate [ReVII(O)2(cat)2]–. (a) Spectra at t=0 (green 
line), t=30 s (orange line), and t=720 s (purple line). (b) Time–resolved data at 325 nm 
(orange ○) and 545 nm (purple □). The fits (orange and purple lines) were obtained 
simultaneously from iterative analysis of the full spectral window (300–700 nm) using a 






Figure 3.7. Computed UV–vis absorption data obtained from iterative global analysis of 
a reaction of 0.14 mM [ReV(O)(cat)2]– with 1.5 mM TEMPO● at 25 °C in CH3CN using a 
biexponential A → B → C integrated rate law model. (a) Simulated spectra for A (green 
line), B (orange line), and C (purple line). (b) Calculated mole fraction of A (green line), B 







Figure 3.8. Time resolved UV–vis absorption data collected at 330 nm (orange ○) for a 
reaction of 0.14 mM [ReV(O)(cat)2]– with 1.5 mM TEMPO● at 25 °C in CH3CN. The fit to 
the data (orange line) was obtained from iterative analysis using a biexponential A → B 




Figure 3.9. Plot of k1 (orange ○) and k2 (purple □) as a function of [TEMPO●] for 
reactions with 0.14 mM [ReV(O)(cat)2]– to generate [ReVII(O)2(cat)2]– in CH3CN at 25 °C. 
The first–order rate constants k1 and k2 were obtained from iterative fitting to a 





Figure 3.10. Selected UV–vis absorption data for a reaction of 0.14 mM [ReV(O)(3,5-
tBu2cat)2]– with 1.6 mM TEMPO● at 25 °C in CH3CN to generate [ReVII(O)2(3,5-tBu2cat)2]– 
(a) Spectra at t = 0 (green line), t = 138 s (orange line), and t = 7260 s (purple line). (b) 
Time-resolved data at 335 nm (orange ○) and 560 nm (purple □). The fits (orange and 
purple lines) were obtained simultaneously from iterative analysis of the full spectral 
window (300–700 nm) using a biexponential A → B → C integrated rate law model, 
giving k1 = (3.3 ± 0.1) x 10–2 s–1 and k2 = (9 ± 4) x 10–4 s–1. 
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Figure 3.11. UV–vis absorption data for reactions of 0.14 mM [ReV(O)(Br4cat)2]– with 1.5 
mM TEMPO● at 25 °C in CH3CN to generate [ReVII(O)2(Br4cat)2]–. In each experiment, 
data were collected for at least 300 min, and the data between t = 0 and t = 300 min 
were used for kinetics analyses. (a) Spectra at t = 0 (green line), t = 48 s (yellow line), t = 
1,074 s (orange line), and t = 22,110 s (purple line). (b–c) Time–resolved data at 535 nm 
(orange ○) and 605 nm (purple □). The fits (orange and purple lines) were obtained 
simultaneously from iterative analysis of the full spectral window (300–700 nm) using an 
A → B → C → D integrated rate law model. (d) Time–resolved data at 600 nm (purple 
□). The fit (purple lines) was obtained iterative analysis of the concentration–time data 
between t = 0 and t = 300 min using an A → B → C → D integrated rate law model. In 











Table 3.1. Rate Constants for TEMPO● Oxidations of Oxorhenium(V)a 
 
 k1 (s-1) k2 (s-1) 
[ReV(O)(cat)2]– b 0.14 ± 0.04 (1.3 ± 0.2) x 10-2 
[ReV(O)(3,5-tBu2cat)2]– b 0.033 ± 0.001 (9 ± 2) x 10-4 
[ReV(O)(OPPh3)(Br4cat)2]– 
c 
0.16 ± 0.03, (1.7 ± 0.5) x 10-4 
 (1.2 ± 0.6) x 10-3  
aAll reactions performed in CH3CN at 25 oC with [ReV]=0.14mM and [TEMPO●]=1.5mM. 
bFit to a biexponential A → B → C integrated rate law model. cFit to an A → B → C → D 
rate law model. The two values of k1 are the successive rate constants for formation of 




The two amine products from the reaction with TEMPO● derive from the same 
piperidyl radical (TMP●) intermediate. TMP-CH2CN was previously reported from the 
electrochemical oxidation of TMP-H in CH3CN and was proposed to arise from the 
trapping of TMP● by ●CH2CN (generated in situ by the net abstraction of H● from 
CH3CN).17- 21
20
 Assuming that radical combination is rapid compared to H• abstraction from 
CH3CN, ,21 the consumption of 2 equiv of TEMPO to generate 1 equiv of TMP-CH2CN 
and 1 equiv of TMP-H is a balanced reaction. The excess of the TMP-H product in our 
reactions may implicate some reaction with adventitious sources of H•. 
In total, the data suggest that [ReV(O)(cat)2]– efficiently abstracts an oxygen atom 
from nitroxyl radicals to afford [ReVII(O)2(cat)2]– and aminyl radical transients (Scheme 
3.1). The reaction is a 2e– oxygen atom transfer that is reminiscent of oxo transfer from 
amine N–oxides.16 However, this is apparently a very unusual reaction for nitroxyl 
radicals, such as TEMPO●,22- 24 which are more typically 1e– redox reagents. Because 
related radical Re–O bond-forming reactions proceed with the initial 1e– oxidation of a 
redox-active ligand,16 we hypothesized that this reaction may be similarly sensitive to 
substitution of the redox-active ligand. 
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We previously noted that [ReVII(O)2(cat)2]– decomposes [ReV(O)(PPh3)(ox)2]– by 
apparent oxo transfer to the [ReV(O)(ox)2]– fragment (Scheme 3.2a).16 Because 
[ReVII(O)2(cat)2]– is itself generated in reactions with TEMPO● (Scheme 3.2b), [ReV(O) 
(cat)2]– mediates net oxo–group transfer from TEMPO● to [ReV(O)(ox)2]–, implying that 
the reaction thermodynamics are not prohibitive. The inability of [ReV(O)(PPh3)(ox)2]– to 








We tentatively rationalize these experimental observations by the two-step 
mechanism shown in Scheme 3.3. In the first reaction step, the observed first-order 
dependence on both reactants is consistent with the initial attack of 1 equiv of TEMPO● 
on 1 equiv of [ReV(O)(cat)2]–. The most common mode of TEMPO● complexation to 
redox-active metal ions involves reduction to the closed-shell [TEMPO]– anion with 
concomitant 1e– oxidation of the metal.25- 31
In attempts to isolate and further characterize the intermediate, oxyl radical 
sources with stronger O–R bonds and EPR spectroscopy were probed. Addition of the 
phenoxyl radicals galvinoxyl and 2,4,6-tri-tert-butylphenoxyl to solutions of 
[ReV(O)(cat)2]– show no reaction over days at ambient temperature. Attempts to observe 
a radical intermediate via EPR were also unsuccessful. Addition of 1 atm nitric oxide to 
 In [ReV(O)(cat)2]–, this 1e– could derive from 
either the metal center or a redox-active [cat]2– ligand.  
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MeCN solutions of [ReV(O)(cat)2]– rapidly produced a dark blue/violet solution indicative 
of [Re(O)2(apPh)2]–. Analysis of the reaction mixture by UV–vis, 1H NMR, and MALDI–MS 
show a complex mixture of products. Identification of these products is ongoing, but 
preliminary MALDI–MS shows evidence of [Re(O)2(apPh)2]– with a peak at m/z 809 and a 
NO adduct with a peak at m/z 824 [M+NO+H]. This supports the radical reactivity 
described above, but structural characterization of the intermediate has remained 
elusive, so the locus of oxidation is not known. 
However, d1 oxorhenium(VI) complexes are comparatively rare compared to d0 
and d2 analogues.5 Also, computational studies of O2 activation at [ReV(O)(cat)2]– clearly 
implicate ligand–centered redox in radical Re–O bond formation.16 By analogy, we 
propose this nitroxyl–binding step: (1) is accompanied by the isomerization of trans-
[ReV(O)(cat)2]– to the cis conformer; (2) occurs with oxidation of a redox–active [cat]2– 
ligand to give a semiquinonate [sq●]– free-radical intermediate. The reaction is completed 
by a second oxidation of the oxorhenium fragment, which homolyzes the nitroxyl-derived 
N–O bond. The dioxo product is d0, implying that this second 1e– step occurs with 
intramolecular reduction of the coordinated semiquinonate radical [sq●]– ligands. An 
alternative mechanism of initial outer-sphere electron transfer can be ruled out. 
[ReV(O)(cat)2]- is not a strong outer-sphere reductant; quasi-reversible oxidation of 
[ReV(O)(cat)2]- occurs at ca. +0.04 V versus Fc+/Fc in CH3CN. TEMPO● is reduced at –













The trends in the reaction rates (Table 3.1) do not cleanly parallel the oxidation 
potentials of the redox–active ligands ([3,5-tBu2cat]2– > [cat]2– > [Br4cat]2–).33
16
 The 
comparatively slow TEMPO● deoxygenation by [ReV(O)(3,5-tBu2cat)2]– versus 
[ReV(O)(cat)2]– is surprising and suggests that steric hindrance by the tert-butyl groups 
may inhibit equilibrium formation of the [TEMPO]– complex intermediate. The very slow 
rate of [ReVII(O)2(Br4cat)2]– formation is consistent with the proposed mechanism, but 
generation of the precursor complex is more complex. The very fast A → B phase may 
reflect the enhanced Lewis acidity of the [ReV(O)(Br4cat)2]– core. ,34,35
To further validate our claim that redox-active ligands are essential to overcome 
the kinetic factors in the presented reaction we sought out to test the ability of a complex 
that is known to make strong M=O bonds, >167 kcal/mol, to react with TEMPO●. Studies 
of WCl2(PMe3)4 have shown it to be a potent oxygen atom acceptor, forming oxo 
complexes upon reaction with CO2 and phosphine oxides.
 In the context of 
this proposed mechanism, we attribute the kinetic inertness of [ReV(O)(ox)2]– toward 
TEMPO● to its reluctance to undergo 1e– transfer. Binding R2N–O● to [ReV(O)(ox)2]– 
would require metal-centered 1e– oxidation because the [ox]2– ligands are not redox-
active. 
36 Reactions of WCl2(PMe3)4 
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with TEMPO● in C6D6 showed minimal to no reactivity, by 1H NMR, over days at ambient 
temperature. While WCl2(PMe3)4 is known to react slowly with O atom donors, oxygen 
atom transfer from pyridine N–oxide showed conversion to WOCl2(PMe3)3 and pyridine 
in ~90% and 100% yield respectively over hours under identical conditions as evidenced 
by the 1H NMR. Analysis of the NMR samples by UV–visible spectroscopy showed a 
max yield of 100% and 30% for reaction with pyridine N–oxide and TEMPO● respectively 
when compared to an isolated sample of WOCl2(PMe3)3. This provides an upper limit of 
reaction progress assuming WOCl2(PMe3)3 is the only species contributing to the 
spectra.  The strong O atom acceptor failed to deoxygenate TEMPO● in any significant 
amount. The divergent reactivity with TEMPO● arise from kinetic factors and should not 
be a result of differences in the thermodynamic affinity of the complexes for an O atom.  
3.4 Conclusion 
In summary, [ReV(O)(cat)2]– and its analogues exhibit a remarkable ability to 
deoxygenate nitroxyl radicals, which may be a function of their capacity to undergo both 
ligand–centered 1e– and metal–centered 2e– redox reactions. Metal ions that bind 
TEMPO● as [TEMPO]– often cannot undergo further 1e– oxidation (e.g., TiIII),25-27 or they 
have high d–electron counts that disfavor terminal oxo formation.28-31 In contrast, most 
oxorhenium(V) complexes that mediate 2e– oxo transfer do not undergo 1e– transfer.4,5 
Ongoing efforts in our laboratory are utilizing the ability of redox-active ligands to 







3.5 Experimental Details and Supplementary Material 
3.5.1 General Considerations.  
Unless otherwise noted, all manipulations were performed under anaerobic 
conditions using standard vacuum line techniques, or in an inert atmosphere glove box 
under purified nitrogen. NMR spectra were acquired on a Varian Mercury 300 
spectrometer (300.323 MHz for 1H; 75.5 MHz for 13C) or a Varian Mercury 400 
spectrometer (161.9 MHz for 31P) at ambient temperatures. All chemical shifts are 
reported in parts per million (ppm) relative to TMS, with the residual solvent peak serving 
as an internal reference. UV–visible absorption spectra were acquired using a Varian 
Cary 50 spectrophotometer equipped with a water jacketed cell holder fitted to a Peltier 
temperature controller. Unless otherwise specified, all electronic absorption spectra were 
recorded at 25 °C in 1 cm quartz cells. UV–vis chemical kinetics data were fit by iterative 
multivariate analysis using the commercially available software Specfit/32 from 
Spectrum Software Associates. All mass spectra were recorded in the Georgia Institute 
of Technology Bioanalytical Mass Spectrometry Facility. GC–MS was performed on GC–
HP5890 using a J&W–DB–5 column (30 m x 0.25 mm) equipped with a VG instruments 
model 70–SE electron impact mass spectrometer. Cyclic voltammetric measurements 
were made using a CH Instruments CHI620C potentiostat in a three component cell 
consisting of a platinum disk working electrode, a platinum wire auxiliary electrode, and 
a non-aqueous AgNO3/Ag reference electrode. All electrochemical experiments were 
performed in CH3CN with 0.1 M [nBu4N][PF6] as the supporting electrolyte. 
Electrochemical data are referenced and reported to Fc+/Fc as an internal standard. 
Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA. All 
analyses were performed in duplicate, and the reported compositions are the average of 
the two runs. 
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3.5.2 Methods and Materials.  
Anhydrous acetonitrile (CH3CN), dichloromethane (CH2Cl2) and tetrahydrofuran 
(THF) solvents for air- and moisture-sensitive manipulations were purchased from 
Sigma-Aldrich and further dried by passage through columns of activated alumina, 
degassed by at least three freeze-pump-thaw cycles, and stored under N2 prior to use. 
Acetone (99.8%, extra dry) was purchased from Acros. Ethanol (anhydrous, 200 proof, 
99.5%) and diethyl ether (anhydrous, ACS reagent, >99.0%) were purchased from 
Sigma-Aldrich. All were used as received. Deuterated acetonitrile (CD3CN), benzene-d6 
(C6D6), and dicholoromethane (CD2Cl2), were purchased from Cambridge Isotope 
Laboratories, degassed by three freeze-pump-thaw cycles, vacuum distilled from CaH2, 
and stored under a dry N2 atmosphere prior to use. Acetone–d6 was used as received 
from Cambridge Isotope Laboratories. ReV(O)(PPh3)2Cl3,37 (Et4N)[ReV(O)(cat)2],38
38
 
(Et4N)[ReVII(O)2(cat)2],  (Et4N)[ReV(O)(OPPh3)(Br4cat)2],39 16 (Et4N)[ReV(O)(PPh3)(ox)2],  
were prepared by literature methods. All characterization data matched those 
referenced. All other reagents were purchased from Sigma-Aldrich and used as 
received. 
3.5.3 Synthesis of (Et4N)[ReV(O)(3,5-tBu2cat)2].  
A 50 mL flask with a Kontes brand high vacuum PTFE valve was charged with 
ReV(O)(PPh3)2Cl3 (0.116 g, 0.140 mmol), Et4NCl (0.115 g, 0.889 mmol), 3,5-di-tert-
butylcatechol (3,5-tBu2catH2) (0.071 g, 0.32 mmol) and MeOH (15 mL). Et3N (90 μL, 0.65 
mmol) was slowly added with vigorous stirring to afford a green suspension. The flask 
was sealed and immersed in a silicone fluid bath at 35 °C for 6 h to yield a clear green 
solution. The mixture was cooled to room temperature to precipitate finely divided green 
solids, which were collected by vacuum filtration under N2. The solids were purified by 
precipitation from acetone with diethyl ether to afford (Et4N)[ReV(O)(3,5-tBu2cat)2] (0.094 
g, 0.121 mmol, 87%) as tan–colored crystals suitable for analysis by X-ray diffraction. 
 105 
UV–vis (MeCN) γmax, nm (ε, M–1 cm–1): 295 (12,500), 475 (sh). The solid state structure 
of (Et4N)[ReV(O)(3,5-tBu2cat)2] contains only one Cs symmetric isomer, but the 1H NMR 
solution spectrum of the same material contains two isomers in an approx. 2:1 ratio, 
suggesting that a C2–symmetry isomer is also present in solution. They are here 
arbitrarily assigned as isomer A and isomer B. The peak areas indicated below are 
normalized to one [Et4N]+, so the sum of the aryl and tert–butyl proton integrals are 4 
and 36, respectively. 1H NMR (300 MHz, CD3CN, δ): 7.03 (d, J = 2.1 Hz, ArH, isomer A, 
1.33H); 7.01 (d, J = 2.2 Hz, ArH, isomer B, 0.66H,); 6.7 (d, J = 2.1 Hz, ArH, isomers A + 
B, 2H); 3.39 (q, J = 7.2, (CH3CH2)4N+, 8H); 1.44 (s, tBu, isomer B, 6H); 1.43 (s, tBu, 
isomer A, 12H); 1.30 (s, tBu, 12H, isomer A); 1.29 (s, tBu, isomer B, 6H); 1.15 (tt, J = 7.2, 
J = 1.9, (CH3CH2)4N+, 12H). Anal. Calcd for C36H50NO5Re: C, 55.93; H, 7.82; N, 1.81; 
Found: C, 55.99; H, 7.93; N, 1.94. 
3.5.4 Reactions of Oxorhenium(V) Complexes with Nitroxyl Radicals. 
Stoichiometric Reactions. 
 In a representative procedure, a 5 dram scintillation vial was charged with 
(Et4N)[ReV(O)(cat)2] (8.0 mg, 0.015 mmol) and CH3CN (2-3 mL) was added to afford a 
clear, light brown solution. Slow addition of a freshly prepared solution of 0.56 M 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO●) in CH3CN (27 μL, 0.015 mmol) with vigorous 
stirring gave an immediate color change to dark purple. The reaction mixture was fitted 
with a Teflon lined cap and stirred for 24 h under N2. For GC–MS analysis, an aliquot 
was transferred to a 1 dram scintillation vial, sealed under N2, and injected directly into 
the gas chromatograph. For NMR analysis, the same reactants were combined in a J. 
Young brand NMR tube with a Teflon screw cap, using CD3CN as the solvent. At NMR 
concentrations (ca. 13 mM), integration of the 1H NMR resonances for [ReVII(O)2(cat)2]– 
and the TEMPO●-derived products confirms that the reaction is complete on acquisition 
of the first spectrum (<10 min), so no time-dependent measurements were made by this 
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method. Kinetics Studies. In a representative procedure, a 1.0 cm quartz cuvette with a 
PTFE screw cap containing a septum top was charged with 0.15 mM [ReV(O)(cat)2]– 
(2.0 mL, 3.0 x 10–7 mol) in CH3CN and sealed under N2. The cuvette was placed in a 
Peltier UV–vis cell holder with a magnetic stirrer. A freshly prepared solution of 0.025 M 
TEMPO● in CH3CN (130 μL, 3.2 x 10–6 mol) was quickly introduced into the cuvette via a 
gas tight syringe with vigorous stirring to make the [TEMPO●] = 1.5 mM and [ReV] = 0.14 
mM. The reaction progress was monitored by UV–vis spectroscopy (300–700 nm) for 15 
min at 6 s intervals. 
3.5.5 Reactions of WIICl2(PMe3)4 with TEMPO●.  
In a representative procedure a 5 dram scintillation vial was charged with 
WCl2(PMe3)4 (70.0mg, 0.1452mmol) and dissolved in 3 mL of C6D6 with 1.5 µL of 
hexamethyldisiloxane added as an internal standard. The stock solution was transferred 
to a J–Young NMR tube (750 µL, 3.63 x 10–5 mol). TEMPO● (6.5mg, 4.1 x 10–5 mol) 













Table 3.2. Rate Constants for Reactions of Oxorhenium(V) Complexes with TEMPO● 
Obtained by Iterative Fitting to a Biexponential A → B → C Integrated Rate Law Model.a 
 
 [ReV] (mM) [TEMPO●] 
(mM) 
k1 (s–1) k2 (s–1) 
[ReV(O)(cat)2]– 0.072 1.5 0.16 ± 0.04b 0.017 ± 0.008 
 0.14 1.5 0.14 ± 0.04c 0.013 ± 0.002 
  3.0 0.27 ± 0.07d 0.015 ± 0.001 
  4.6 0.34 ± 0.04d 0.017 ± 0.001 
  5.7 0.45 ± 0.01e 0.018 ± 0.001 
[ReV(O)(3,5-tBu2cat)2]– 0.14 1.6 0.033 ± 0.001f (9 ± 2) x 10–4 
[ReV(O)(Br4cat)2]– 0.14 1.5 0.16 ± 0.03g,h (1.7±0.5) x 
10–4 
   (1.2 ± 0.6) x 
10–3 
 
aAll reactions performed in CH3CN at 25 °C. All rate constants and error estimates are 
the averages and sample standard deviations of ≥2 sets of concentration–time data. 
bFrom global analysis of the full spectral data acquisition windows (300–700 nm) of three 
separate kinetics experiments and one single–wavelength fit to data collected at 330 nm. 
cFrom global analysis of the full spectral data acquisition windows (300–700 nm) of four 
separate kinetics experiments and one single–wavelength fit to data collected at 330 nm. 
dFrom global analysis of the full spectral data acquisition window (300–700 nm) of one 
kinetics experiment and one single–wavelength fit to data collected at 325 nm. eFrom 
single–wavelength fits to two sets of concentration–time data collected at 325 nm. fFrom 
global analysis of the full spectral data acquisition window (300–700 nm) of three 
separate kinetics experiments. gFrom global analysis of the full spectral data acquisition 
window (300–700 nm) of three separate kinetics experiments and one single–
wavelength fit to data collected at 600 nm. hThe two values of k1 are the two rates 
constants for formation of the immediate precursor to [ReVII(O)2(Br4cat)2]–, where k1a 
corresponds to the A → B reaction phase and k1b corresponds to the B → C phase in the 






Figure 3.12. Gas chromatogram from a reaction of [ReV(O)(cat)2]– (0.041 mmol) with 
























Table 3.3. Crystallographic Data and Structure Parameters for [ReV(O)(3,5-tBu2cat)2]–. 
 
Complex  [ReV(O)(3,5-tBu2cat)2]– 
Empirical formula  C36H60NO5Re 
Formula weight  773.05 
Temperature  173(2) K 
Crystal system  Orthorhombic 
Space group  Pnma 
Unit cell dimensions  
a (Å) 11.6064(8) Å 
b (Å) 30.002(2) Å 
c (Å) 10.6924(7) Å 
α (°) 90o 
β (°) 90o 
γ (°) 90o 
V (Å3) 3723.2(4) Å3 
Z 4 
Dcalc (g cm–1) 1.379 Mg/m3 
Absorption coefficient (mm–1) 3.302 mm-1 
Crystal size (mm) 0.55 x 0.03 x 0.03 mm3 
θ  range for data collection (°) 1.36 to 26.7o 
Index ranges -13 ≤ h ≤ 14 
 -37 ≤ k ≤ 33 
 -13 ≤ I ≤ 13 
Reflections collected/unique 34143 
Goodness of fit on F2 1.041 
R [I > 2σ(I)] 0.0494 
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Redox-Active Ligand-Mediated Bond-Forming Reactions at a 
High-Valent Oxorhenium(V) Center. 
4.1 INTRODUCTION 
Coordination of redox-active ligands to transition metals affords complexes that 
can have complicated electronic properties owing to the overlap of the metal d-orbitals 
and the frontier ligand orbitals.1- 19 Assignment of oxidation states in these types of 
complexes can be particularly difficult due to their “non-innocent” nature.20 Structural, 
spectroscopic, and theoretical methods have been used to probe the electronic 
properties of complexes containing redox-active ligands and help assign oxidation 
states.1,3,5,9,11-19 In turn, there has been an increase in the studies of the synthesis and 
reactivity of such complexes.21- 31
Redox-active aminophenols in particular have gained considerable interest as 
ligands for transition metal complexes due to their ability to do redox chemistry typically 
performed by metal centers.12,14,
 
32- 35 These so called “non-innocent” ligands can 
coordinate as fully reduced amidophenolates [ap]2–, partially oxidized 
iminosemiquinonate free radicals [isq•]–, or fully oxidized iminobenzoquinones [ibq] 
(Scheme 4.1).36,37
22
 The ability of redox-active ligands to facilitate O2 activation and 
deoxygenation of nitroxyl radicals, in which the key intermediates are proposed to be an 
oxorhenium(V) complex containing a ligand-centered radical are the subjects of two 
previous chapters.21,  However, isolation of high-valent oxorhenium species containing 









The ability to select for 1e– versus 2 e– redox reactions is of key importance in 
bond-making and -breaking reactions.38- 40 Oxorhenium(V) reagents have been shown to 
be competent 2e– oxo transfer reagents to produce oxorhenium(VII) compounds.41- 43
42
 
These species tend to avoid 1e– reactions that would necessarily produce a rhenium(VI) 
oxidation state, which is rare compared to their d0/d2 counterparts.  Coordination to 
redox-active ligands may afford access to 1e– redox reactions that are atypical of 
oxorhenium(V) complexes.21,22 In Chapters 2 and 3 ligand-centered 1e– redox was 
proposed to lower the kinetic barrier to net 2e- processes by circumventing unfavorable 
oxidation states. However, these 1e– radical trapping products were not isolable due to 
the thermodynamic stability of the 2e– oxidized, OAT, product. Examples of high-valent 
rhenium complexes containing ligand centered radicals are rare,44- 46
 
 and to our 
knowledge there are no examples of high-valent oxorhenium complexes containing 
ligand-centered radicals. Discussed herein are the syntheses, electronic properties, and 






4.2.1 Preparation of Oxorhenium(VI) Complexes with Ligand-Centered Radicals. 
When a pale green THF solution of (Et4N)[ReV(O)(apPh)2] (1) was treated with 1 
equiv. 2,3,4,5,6,6-hexachloro-2,4-cyclohexodiene-1-one (a source of net [Cl]+) under N2, 
an immediate color change to dark purple was observed. Purification of the purple 
reaction mixture by column chromatography resulted in numerous products. However, 
after heating at reflux for 24 hours two purple products were isolated in 71% and 12% 
respectively. Analysis of the two purple products by MALDI-MS gave molecular ion 
peaks at 1058 m/z and 828 m/z corresponding to addition of a [OC6Cl5] and [Cl] 







Single crystals of both products suitable for X-ray structural analysis have been 
obtained. Crystals of the major product were obtained from slow evaporation of a 
saturated MeCN solution containing a hanging wire of Chromel A at 8 oC. Its X-ray 
structure contains a neutral, pseudo-octahedral rhenium bound to two inequivalent 
aminophenol-derived ligands oriented cis to each other, a terminal oxo, and a phenoxide 
ligand oriented cis to the terminal oxo (Figure 4.1). The amino-phenol derived ligand cis 
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to the terminal oxo contains C–C bond distances that are equidistant within 3σ (1.40 ± 
0.02 Å), and C–O and C–N bond distances of 1.360(2) 1.411(3) Å respectively, 
suggesting that the amino-phenol derived ligand is a fully reduced, closed-shell [apPh]2– 
dianion (Table 4.1 and Figure 4.2).47,48
21
 The amino-phenol derived ligand trans to the 
terminal oxo ligand shows a loss of aromaticity with a quinoid pattern of four long and 
two short C–C bond distances, and shortening of the C–O and C–N bond distances to 
1.303(2) and 1.350(3) Å respectively. These metrical data suggest that the ligand is best 
described as an iminosemiquinonate [isqPh●]– anion (Table 4.1 and Figure 4.2). ,47,48 The 
sum of these data allow for the assignment of the major product as 




Figure 4.1. Solid-state structure of ReVI(O)(apPh)(isqPh)(OC6Cl5)•CH3CN (2) shown with 










Addition of the oxidant [N(C6H4Br-4)3][SbCl6] to a MeCN solution of 1 immediately 
produces a color change from a pale green/yellow to a dark purple. Purification of the 
purple solution by column chromatography allows for the isolation of a purple species 
who UV-vis matches that of the minor product from the reaction described above 
exactly. Single crystals of X-ray quality were grown over 6 months from an acetonitrile 
solution at –20 oC. The structure shown is Figure 4.3 is analogous to 2 consisting of a 
neutral, pseudo-octahedral rhenium center with two inequivalent aminophenol-derived 
ligands in the cis orientation to each other, a terminal oxo, and a chloride cis to the oxo. 
The aminophenol-derived ligands show similar bond distances to 2. The aminophenol-
derived ligand cis to the oxo contains C-C distances that are equidistant within 3σ (1.40 
± 0.02 Å), and C–O and C–N bond distances of 1.361(4) and 1.381(4) Å respectively, 
suggesting that the amino-phenol derived ligand is a fully reduced, closed-shell [apPh]2– 
dianion. The aminophenol-derived ligand trans to the terminal oxo shows similar bond 
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distances as that of complex 2 that can be assigned to loss of aromaticity. Two C-C 
bond distances show shortening to 1.375(4) and 1.347(6) Å while the other 4 show 
elongation and the C-O shows significant contraction with a bond distance 1.311(2) Å. 
The C-N bond distance shows an unexpected elongation atypical of quinoid-like 
structures from 1.381(4) to 1.390(6) Å (Table 4.1). The sum of these bond distances 




Figure 4.3. Solid-state structure of ReVI(O)(apPh)(isqPh)(Cl) (3) shown with 50% 











Re1-O1oxo 1.709(16) Re1-O3isq 2.0403(15) 
Re1-O2ap 1.9515(15) Re1-N2isq 2.0641(18) 
Re1-N1ap 1.9958(18) Re1-O4phenolate 1.9935(16) 
[apph]2– Ligand 
C7-O2 1.360(2) C9-C10 1.402(3) 
C12-N1 1.411(3) C10-C11 1.385(3) 
C7-C8 1.408(3) C11-C12 1.405(3) 
C8-C9 1.388(3) C7-C12 1.400(3) 
[isqPh●]– Ligand 
C27-O3 1.303(2) C29-C30 1.435(3) 
C32-N2 1.350(3) C30-C31 1.363(3) 
C27-C28 1.430(3) C31-C32 1.422(3) 
C28-C29 1.376(3) C27-C32 1.426(3) 
ReVI(O)(apPh)(isqPh)Cl 
Re1-O1oxo 1.7125 Re1-O3isq 2.0727 
Re1-O2ap 1.9744 Re1-N2isq 2.0248 
Re1-N1ap 1.9882 Re1-Cl1 2.3620 
[apPh]2– Ligand 
C1-O2 1.361(4) C3-C4 1.401(5) 
C6-N1 1.381(4) C4-C5 1.399(5) 
C1-C2 1.399(5) C5-C6 1.391(5) 
C2-C3 1.404(5) C1-C6 1.396(5) 
[isqPh●]– Ligand 
C21-O3 1.311(2) C23-C24 1.430(7) 
C26-N2 1.390(6) C24-C25 1.347(6) 
C21-C22 1.415(3) C25-C26 1.409(9) 
C22-C23 1.375(4) C21-C26 1.447(7) 
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Complex 2 and 3 show a Re-Ooxo bond distance of 1.712 ± 0.003 Å comparable 
to the Re-Ooxo bond distance of 1.715(3) Å in [Re(O)(apPh)2]– and is consistent with a Re-
Ooxo bond order of 3.21 A report by Gray, Brudvig and coworkers show a d1 
dioxorhenium(VI) complex that contains Re-Ooxo bond distances that are near identical to 
the d2 Re(V) congener.49
21
 The d0 dioxorhenium(VII) congener, [Re(O)2(apPh)2]–, contains 
Re-Ooxo bond distances of 1.737 ± 0.005 Å with a bond order of 2.5 at each oxo.  The 
sum of these data suggest that 2 and 3 are best assigned as a Re(VI) metal center with 
a ligand-centered radical and not the Re(VII) congener with two fully reduced ligands. 
Compound 2 and 3 are both air and thermally stable showing no signs of 
decomposition over days in solution, in air, at 70 oC. Addition of excess aqueous HCl to 
purple 2 produced a darker purple solution that matched the UV-vis of 3 exactly. 
Analysis of the purple reaction mixture by MALDI-MS in the positive mode shows the 
appearance of a peak at m/z 828 corresponding to the chlorine adduct 3, and the 
disappearance of the parent peak at m/z 1058. These results are consistent with 








4.2.2 Electronic Properties. 
The diamagnetic ground state is clearly evidenced by 1H NMR spectroscopy. The 
two ligands, [apPh]2– and [isqPh●]–, are inequivalent and in the cis arrangement which 
gives rise to unique resonances for each. Complex 2 shows 12 resonances between 6-8 
ppm at 300 MHz that correspond to the 14 aryl protons. At 500 MHz two new peaks are 
observed producing a 14 line spectrum, all of area one suggesting that two of the signals 
overlap in the lower frequency spectrum. Four singlets are observed between 0.97 and 
1.2 ppm corresponding to the four tert-butyl groups which suggest that only one 
stereoisomer is present in solution, or they interconvert rapidly on the NMR timescale. 
One tBu signal shows an upfield shift of ~0.2 ppm versus the other 3 signals and 
broadening (ΔFWHM = 2.2 Hz) suggesting some interaction with radical spin density. 
4.2.2.1 Nuclear Magnetic Resonance Spectroscopy. 
The 1H NMR spectrum of complex 3 shows a similar pattern of resonances in the 
aromatic region between 6-8 ppm. At room temperature, complex 3 produces 12 
resonances (Figure 4.4a). However, when a spectrum is obtained at –20 °C, new 
resonances are observed between 7.0 and 7.2 ppm producing 14 resonances all of area 
one corresponding to the 14 aryl protons (Figure 4.4b). The [apPh]2– and [isqPh]– ligands 
both produce two sets of triplets of doublets corresponding to the meta-NPh protons, a 
set of triplets of triplets corresponding to the para-NPh protons, and two sets of doublets 
corresponding to the ortho-NPh protons. Four unique signals are again observed for the 
four tBu groups suggesting the presence of only one stereoisomer. 
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Figure 4.4. Variable temperature 1H NMR of ReVI(O)(apPh)(isqPh)(Cl) in CD2Cl2 at (a) 20 
°C (red spectrum) and (b) –20 °C (blue spectrum) of the aromatic region (L = green ●, L’ 
= yellow ■).  
 
 
The complex structural properties of 2 and 3, which produce complicated 1D-
NMR spectra, were further elucidated utilizing the two dimensional NMR technique 
correlation spectroscopy (COSY). The 2D spectra of complex 2 showed that peaks A, B, 
C, and F correspond to the NPh protons of a single ligand while peaks D, E, H, and L 
correspond to the NPh protons of the other ligand (Figure 4.5). Complex 3 showed a 
very similar spectrum with peaks A, B, C, and D corresponding to one ligand and peaks 
 122 
E, F, and H corresponding to the other ligand (Figure 4.6). The two dimensional COSY 
NMR in conjunction with the variable temperature 1H NMR clarified the chemical 
structure of 2 and 3. The 2D spectra further verified that the two ligands [apPh]2– and 





Figure 4.5. Two dimensional NMR (COSY) spectrum of Re(O)(apPh)(isqPh)(OC6Cl5). 
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Figure 4.6. Two dimensional NMR (COSY) spectrum of Re(O)(apPh)(isqPh)(Cl). 
 
The diamagnetism of complex 2 and 3 is evident in solution by the presence of 
1H NMR resonances at 298 K and 240 K. However, the identification and assignment of 
the ligand-centered radical is from the solid state structure at 173 K. In order to confirm 
the oxidation state assignments from the solid state structure at 173 K correspond to the 
diamagnetic solution behavior at 298 K, SQUID magnetometry measurements from 5-
4.2.2.2 Magnetism. 
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400 K were utilized. The magnetic measurement shows that complex 3 is diamagnetic 
over the entire temperature range confirming that the solid state and solution state are in 
accordance with each other (Figure 4.7). Complex 3 can best be described as an 




Figure 4.7. Magnetic susceptibility of ReVI(O)(apPh)(isqPh)(Cl). 
 
Electrochemistry was utilized to probe the redox behavior of 2 and 3. Cyclic 
voltammograms of 3 in MeCN solutions containing 0.1 M [nBu4N][PF6] supporting 
electrolyte display a reversible 1e– redox couple centered at +0.7 V and a quasi-
reversible 1e– redox couple at –0.55 V and an irreversible oxidation at Epa = –0.15 V 
versus Fc+/Fc (Figure 4.8). Cyclic voltammograms of 2 are complicated and not clean, 
4.2.2.3 Electrochemistry. 
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however, they display a reversible redox event at 0.7 V and an quasi-reversible redox 
event at –0.53 V versus Fc+/Fc (Figure 4.9). When the scan rate is increased to 0.50 V 
s–1, the cathodic and anodic current densities of the redox event centered at –0.53 V vs 




Figure 4.8. Cyclic voltammograms of MeCN solutions of ReVI(O)(apPh)(isqPh)(Cl) in 0.1M 
[Bu4N][PF6] supporting electrolyte at a 10 mm Pt electrode. Scan Rate: 0.1 V s-1. 






Figure 4.9. Cyclic voltammograms of ReVI(O)(apPh)(isqPh)(OC6Cl5) in 0.1M [Bu4N][PF6] 




4.2.3 Attempted preparation of the S = ½ Congener. 
 The quasi-reversible behavior of 3 in the cyclic voltametry studies suggest that 
the 1e– reduced, S = ½, anion or the 5-coordinate neutral species may be accessible. 
Addition of ferrocene to CH2Cl2 or MeCN solutions of 3 showed no reaction over days at 
ambient temperature supporting the assignment of the redox event at –0.53 V versus 
Fc+/Fc in Figure 1.4 to reduction of 3. Addition of an excess of the strong reducing 
agents Na/Hg, cobaltocene, or bis(benzene)chromium in CH2Cl2 or MeCN rapidly 
produces a color change from purple to green. Work-up of the green solution and 
analysis by 1H NMR produced a spectrum that matched authentic samples of 1.  
 Addition of 1 equiv. of cobaltocene or bis(benzene)chromium to acetonitrile 
solutions of 3 rapidly produced a colorless solution with a dark precipitate. However, 
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when the reaction was performed in CH2Cl2 a rapid color change, over seconds, from a 
dark, vibrant purple to a dull brown-purple was observed (Figure 4.10). When the dark 
precipitate from the reaction in MeCN was dissolved in CH2Cl2 and analyzed by UV-vis 




Figure 4.10. UV-vis absorption data in CH2Cl2 for ReVI(O)(apPh)(isqPh)(Cl) (purple line) 
and the isolated product from a reaction of ReVI(O)(apPh)(isqPh)(Cl) with 1 equiv of 
bis(benzene)chromium (red line). 
 
 
 Oxidation of 1 by [N(C6H4Br-4)3]BF4 in CH2Cl2 rapidly produces a color change 
from pale green to dull brown-purple. Analysis of the reaction mixture by UV-vis 
produced an identical spectrum to the reaction of 3 with bis(benzene)chromium. When 
[N(C6H4Br-4)3]BF4 is titrated into a solution containing 1 and monitored via UV-vis, a 
maximum yield is reached at 1 equiv of oxidant added. However, as excess oxidant is 
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added decomposition starts occurring as evidenced by a decrease in λmax at 480 nm. 
This suggests that 1 reacts with 1e– oxidants in a 1:1 stoichiometry. Alternatively, when a 
CH2Cl2 solution of 1 is added to 1 equiv 3 in CH2Cl2 a dull brown-purple color is rapidly 
produced. Analysis of this solution by UV–vis produces a spectrum identical to that in 
Figure 4.10 (red line). The sum of these data indicate that the above three reactions 
(oxidation of 1, reduction of 3, and  reaction of 1 and 3) produce the same product. 
Single crystals of X–ray quality were grown of the reduction product of 3 and the 
oxidation product of 1 by vapor diffusion of MeCN into CH2Cl2 solutions of the dull-purple 
product. Both crystals produced the same dimeric structure (4) (Figure 4.11). The 
complex is a charge neutral bis(μ-oxo)dirhenium complex where each rhenium center 
contains two aminophenol-derived ligands. One MeCN molecule is contained in the unit 
cell, but is not bound to the rhenium. Formation of the bis(μ-oxo) dimer requires one of 
the two trans [apPh]2– ligands in the [ReV(O)(apPh)2]– core to twist to a cis conformation. 
For the purpose of this thesis we will assign oxidation state changes to the ligand, which 
would give ReV2(μ-O)2(apPh)2(isqPh)2. However, initial metal oxidation to generate ReVI2(μ-
O)2(apPh)4 is just as likely. This isomerization parallels that implemented in the reaction 
of 1 with PPh3, O2, or TEMPO● discussed in Chapters 2 and 3. The quality of the crystal 
is poor which prohibits the assignment of ligand oxidation states from the bond 





Figure 4.11. Solid state structure of 4. Shown with 50% probability ellipsoids. Hydrogen 
atoms omitted for clarity.  
 
 
Cyclic voltammagrams of 1 in CH3CN and 4 in CH2Cl2 with [nBu4N][PF6] 
supporting electrolyte show remarkably similar voltammagrams (Figure 4.12a). Both 1 
and 4 show an irreversible oxidation at Epa = –0.35 V and an irreversible reduction at Epc 
= –1.03 V versus Fc+/Fc. These data suggest that 1 and 4 are interconverted rapidly on 
the electrochemical timescale. Oxidation of 1 rapidly dimerizes to generate 4, while 
reduction of the dimer results in dissociation and generation of the 5-coordinate anion 1. 
This also suggest that the S = ½, 5-coordinate neutral species, Re(O)(apPh)(isqPh) is not 
isolable under these conditions. 
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Cyclic voltammagrams of 4 were run in [nBu4N][Cl] supporting electrolyte in 
attempts to trap Re(O)(apPh)(isqPh) by generating [Re(O)(apPh)(isqPh)Cl]–. At higher scan 
rates, reduction of 4 is preceded by an irreversible reduction at Epc = -0.6 V versus 
Fc+/Fc (Figure 4.12b). This is near the potential for the expected reduction of 
Re(O)(apPh)(isqPh) which is not observed in Figure 4.12a. It was initially thought that the 
Cl– electrolyte prevented dimerization via transient formation of [Re(O)(apPh)(isqPh)Cl]–, 
however CV of isolated 3 shows a quasi-reversible reduction centered at –0.55 V versus 
Fc+/Fc. Chemical reduction of 3 requires a strong reductant, Cr(η6-C6H6)2 (–1.15 V in 
CH2Cl2), therefore the redox event at –0.55 V is assigned to the reduction of 3 to 
generate [Re(O)(apPh)(isqPh)Cl]– (Figure 4.12c). At higher scan rates the ratio of cathodic 
and anodic current densities approach unity suggesting that the halide quickly 
dissociates but is observable at faster scan rates. The sum of these data suggest that 
the irreversible reduction at Epc = –0.6 V in Figure 5.12b is not due to reduction of 
[Re(O)(apPh)(isqPh)Cl]–. The reduction of 3 occurs at Epc = –0.55 V, therefore reduction 









Figure 4.12. Cyclic voltammograms of (a) [ReV(O)(apPh)2]– (blue) CH3CN in  and ReV2(μ-
O)2(apPh)2(isqPh)2 (red, x5) in CH2Cl2 containing 0.1 M [nBu4N][PF6] at 100 mV s–1 scan 
rate; (b) ReV2(μ-O)2(apPh)2(isqPh)2 in CH2Cl2 containing [nBu4N][Cl] at 25 (faint purple), 50 
(light purple), and 100 (purple) mV s–1 scan rates; and (c) ReVI(O)(apPh)(isqPh)Cl in 
CH3CN containing [nBu4N][Cl] 50 (purple), 100 (light red), and 250 (dark red) mV s–1 






4.3.1 Structural Parameters of Oxorhenium Complexes Containing Ligand-
Centered Radicals 
Addition of chemical oxidants to 1 in the presence of traps produced complexes 
consisting of a d1, oxorhenium(VI) metal center and a ligand-centered radical. The solid 
state structures of 2 and 3 provide rare opportunity to compare structural parameters of 
high-valent oxorhenium species containing ligand-centered radicals.  
Complex 2 has two crystallographically unique ligands which, along with the 
bond distances, suggests that the ligand-centered radical is localized only on the trans 
aminophenol-derived ligand. Complex 3 shows a similar trend in bond distances of the 
two ligands with some minor differences. There is no change in the C–N bond within 3σ 
in 3 versus a 0.06 Å contraction in 2. The crystallographic data for 3 also suggest that 
the radical density is localized on the trans aminophenol-derived ligand. This is likely a 
function of the strong trans influence of the oxo and the weaker σ basicity of the 
monoanionic [isqPh]●– radical as compared to the [apPh]2– dianion. 
The diamagnetic ground state conveniently allowed for the solution state 
behavior to be monitored by 1H NMR. Both 2 and 3 show complicated NMR spectra 
consistent with two inequivalent aminophenol-derived ligands. The 500 MHz spectrum of 
2 contains 14 aromatic resonances of equal intensity which suggests that there is 
restricted rotation about the NPh bond at room temperature. The hindered rotation can 
be explained due to the steric bulk of the OC6Cl5 ligand, and the cis arrangement of the 
two aminophenol-derived ligands. The oxygen of the amidophenolate ligand (Figure 4.2, 
Ligand B) is trans to the nitrogen of the iminosemiquinonate ligand (Figure 4.2, Ligand 
A) which directs the NPh group of the amidophenolate towards the tBu of the 
iminosemiquinonate (Figure 4.1). This is unlike the six-coordinate dioxorhenium(VII) 
congener, [ReVII(O)2(apPh)2]–, where the oxygen of both ligands are trans to each other 
 133 
directing the NPh groups away from the tBu groups allowing rotation about the NPh N–C 




Figure 4.13. Schematic representation of sterics in 3 and [ReVII(O)2(apPh)]–. 
 
 
The 12 aryl resonances of complex 3 integrate to 14 protons. However, no new 
peaks are observed when a higher frequency magnetic field is used suggesting that 
peaks are not overlapping, but have in fact coalesced. At room temperature the NPh is 
able to rotate about the N–C bond giving rise to coalescence that is observed in the 1H 
NMR spectrum. When the spectrum is obtained at –20 °C this rotation is inhibited and 
locks the NPh group in place which allows for observation of all 14 resonances. The 
[OC6Cl5]– ligand of 2 is significantly bulky compared to the [Cl]– ligand of 3 which could 
obstruct the rotation about the NPh group. 
4.3.2 Ligand Radical Involvement in Re-X Bond-Forming Reactions 
Addition of a net source of [Cl]+ to 1 produces 3, a 2e– redox process that is 
analogous to oxo transfer to 1 to produce [Re(O)2(apPh)2]–. In both bond-forming 
reactions the new Re–X bond occurs cis to the oxo ligand which requires a trans to cis 
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isomerization of the [apPh]2– ligands. As the X– ligand becomes larger, [O]2– < [Cl]– < 
[OC6Cl5]–, the [apPh]2– become significantly more sterically congested as evidenced by 
their respective 1H NMR. 
Geometrically, [Re(O)2(apPh)2]– and 3 are analogous, and both are products of 
2e– oxidation, however, they have different electronic structures. Oxo transfer to 1 
removes the 2e– from the metal center while [Cl]+ addition removes one electron from 
the metal center and one from a redox-active [apPh]2– ligand to generate 3. This 
formulation suggests that 3 is a diradical consisting of metal-based and ligand-based 
radical spin density. However, the diamagnetism of 3 implies that the two unpaired spins 
are antiferromagnetically coupled. In order to minimize the dπ–pπ repulsion caused by 
the strong π-donor [O]2– ligands in the cis arrangement the metal assumes a d0 
configuration. The Cl– ligand in 3 is a poor π-donor therefore not causing a significant 
amount of dπ–pπ repulsion as well as being unsuitable for stabilization of a high-valent 
Re(VII) metal center. Because the Cl– is unable to stabilize a d0 configuration, the 
rhenium center assumes a d1 that is further stabilized through antiferromagnetically 
coupling to the ligand radical. 
The ability of redox-active ligands to facilitate Re–O bond-forming reactions was 
discussed in chapters 2 and 3. The involvement of the ligand in supplying 1e– in radical-
type reactions at 1 was proposed based on kinetic studies and computational results, but 
without direct experimental observation of ligand-centered radicals. The generation and 
isolation of 2 and 3 provide experimental evidence for the ability of redox-active ligands 
to supply 1e– for Re–X bond-forming reactions. The Re–X bond-forming reaction to 
generate 2 and 3 parallels the computed intermediates of O2 addition to 1. The 
computed product of O2 addition to 1 contained a η1-superoxide [O2●]– ligand and a 
semiquinonate [isqPh●]– ligand radical localized trans to Re–Ooxo (Scheme 4.4a). Addition 
of a net source of [Cl]+ to 1 generated a similar 6-coordinate 2 and 3. Analysis of 2 and 3 
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by X-ray crystallography confirmed that the [isqPh●]– ligand radical density was again 
localized trans to the Re–Ooxo (Scheme 4.4b). The localization of the [isqPh●]– ligand 
trans to the oxo group is likely due to the strong trans influence of the oxo ligand and the 
weaker σ basicity of [isqPh●]– versus [apPh]2–. In order for the diradical 3 to be 
diamagnetic, the two unpaired spin densities must be strongly antiferromagnetically 
coupled. This requires the ligand radical orbitals to mix with the π-symmetry orbitals of 
the metal. When the Re–Ooxo is coincident with the z-axis the metal radical is located in 
the dxy orbital. Only the trans ligand has sufficient symmetry to allow antiferromagnetic 














Oxidation of oxorhenium(V) complexes containing redox-active amidophenolates 
by strong chemical oxidants in the presence of traps that are not capable of stabilizing 
dioxorhenium(VII) produce isolable six-coordinate oxorhenium(VI) complexes containing 
ligand centered radicals. The Re–X bond-forming step occurs with isomerization of the 
[isqPh●]– ligand. This is consistent with previously reported Re–O bond forming reactions 
at an oxorhenium(V) metal centers containing redox-active ligands. These species 
contain two radicals, a ligand-centered radical, and a metal radical that are 
antiferromagnetically coupled. Complex 2 and 3 provides valuable insight into the 
properties and reactivity of oxorhenium complexes containing ligand-centered radicals. 
Specifically, observation of ligand radicals in 3 and 4 provide experimental evidence for 
the ability of redox-active ligands to facilitate bond-forming reactions at high-valent 
oxorhenium centers. However, the locus of the initial oxidation to be metal-based or 
ligand-based remains unknown. The S = ½ reduced species Re(O)(apPh)(isqPh) would 
serve as a better electronic mimic of the proposed intermediates in reactions at 
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oxorhenium(V) with oxygenic radicals. Unfortunately, this species is not isolable under 
the provided conditions. 
4.5 Experimental Details and Supplementary Material. 
4.5.1 General Considerations.  
Unless otherwise specified, all manipulations were performed under anaerobic 
conditions using standard vacuum line techniques, or in an inert atmosphere glove box 
under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 300 
spectrometer (300.323 MHz for 1H) at ambient temperature. Variable temperature NMR 
and 2–D NMR spectra were obtained with a Bruker AMX 400 spectrometer (400.138 
MHz for 1H). All chemical shifts are reported in parts per million (ppm) relative to TMS, 
with the residual solvent peak serving as an internal reference. UV–visible absorption 
spectra were acquired using a Varian Cary 50 spectrophotometer. Unless otherwise 
noted, all electronic absorption spectra were recorded at ambient temperatures. All mass 
spectra were recorded in the Georgia Institute of Technology Bioanalytical Mass 
Spectrometry Facility. Matrix-assisted laser desorption/ionization mass spectrometry 
was obtained using an Applied Biosystems 4700 Proteomics Analyzer. Cyclic 
voltammetric measurements were made using a CH Instruments CHI620C potentiostat 
in a three component cell consisting of a platinum disk working electrode, a platinum 
wire auxiliary electrode, and a non-aqueous AgPF6/Ag reference electrode. 
Electrochemical data are referenced and reported to Fc+/Fc as an internal standard. 
Magnetism data were recorded using a Quantum Design MPMS-5S SQUID 
magnetometer. Complex 3 was analyzed using 5-10 mg of powdered material loaded 
into a 0.5 mm by 1.5 mm gelatin capsule, wrapped in Kapton tape, and inserted into a 
plastic straw. The experiment for complex 3 was performed using a 100 G field between 
5 and 400 K. Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, 
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GA. All analyses were performed in duplicate, and the reported compositions are the 
average of the two runs.  
4.5.2 Methods and Materials.  
Anhydrous acetonitrile, dichloromethane, and THF solvents for air- and moisture-
sensitive manipulations were purchased from Sigma-Aldrich and further dried by 
passage through columns of activated alumina, degassed by at least three freeze-pump-
thaw cycles, and stored under N2 prior to use. Methanol (anhydrous, 99.0%), was 
purchased from Honeywell Burdick and Jackson. Acetone (99.8%, extra dry) was 
purchased from Acros. All were used as received. Deuterated acetonitrile (CD3CN) and 
dichloromethane (CD2Cl2) were purchased from Cambridge Isotope Laboratories, 
degassed by three freeze-pump-thaw cycles, vacuum distilled from CaH2, and stored 
under a dry N2 atmosphere prior to use. (Et4N)[ReV(O)(ap)2] (1) was prepared by 
literature methods.21 All characterization data matched those referenced. All other 
reagents were purchased from Sigma-Aldrich and used as received. 
4.5.3 Synthesis of ReVI(O)(apPh)(isqPh)(OC6Cl5) (2).   
A 150 mL flask with a Kontes brand high vacuum PTFE valve was charged with 
(Et4N)[ReV(O)(apPh)2] (568.2 mg, 0.616 mmol) and THF (40 mL). 2,3,4,5,6,6-hexachloro-
2,4-cyclohexodiene-1-one (222.5 mg, 0.742 mmol) dissolved in THF (3 mL) was added 
to generate a dark purple solution. The reaction mixture was stirred at 80 oC for 4 h. The 
mixture was exposed to air and the solvent removed under reduced pressure. The dark 
residue was dissolved in CH2Cl2 and subjected to column chromatography on a silica gel 
column (230-400 mesh) prepared with hexanes. A dark purple band was eluted as the 
major fraction (2nd) with a hexanes-CH2Cl2 (70/30) mixture. Solvent removal from the 
eluate followed by freeze drying from a benzene solution afforded 1. (364.2 mg, 0.34 
mmol, 71%). 1H NMR (300 MHz, CD2Cl2, δ): 7.7 (td, J = 7 Hz, J = 2 Hz, NPh: meta, 1H); 
7.64 (d, J = 8 Hz, NPh: ortho, 1H); 7.63 (td, J = 7Hz, J = 2 Hz, NPh: meta, 1H); 7.44 (tt, J 
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= 7 Hz, J = 1 Hz, NPh: para, 1H); 7.32 (t, J = 7 Hz, NPh: meta, 1H); 7.18 (d, J = 7 Hz, 
NPh: ortho, 1H); 7.08 (d, J = 8Hz, NPh: ortho, 1H); 6.98 (d, J = 2 Hz, ArH, 1H); 6.97 (t, J 
= 7 Hz, NPh: meta, 1 H); 6.95 (t, J = 7Hz, NPh: para, 1H);  6.59 (d, J = 2 Hz, ArH, 1H); 
6.53 (d, J = 2 Hz, ArH, 1H); 6.51 (d, J = 2 Hz, ArH, 1H); 6.00 (d, J = 8 Hz, NPh: ortho, 
1H); 1.23 (s, tBu 9H); 1.19 (s, tBu, 9H); 1.17 (s, tBu, 9H); 0.98 (s, br, tBu, 9H). UV–vis 
(MeCN) λmax, nm (ε, M–1 cm–1): 231 (50,000), 413 (13,300), 523 (17,100), 613 (sh), 894 
(3,500).  MALDI-MS (m/z): 1058. FTIR (ATR): 2953 (m), 2923 (m), 2866 (m), 1590 (vw), 
1532 (vw), 1479 (m), 1458 (m), 1386 (vs), 1359 (s), 1313 (vw), 1299 (vw), 1252 (m), 
1225 (w), 1203 (w),1164 (w), 1135 (w), 1108 (w), 1077 (w), 1027 (w), 989 (s), 934 (s), 
924 (s), 894 (w), 880 (w), 864 (w), 830 (vs), 778 (s), 711 (s), 674 (vs), 608 (vw), 553 (s), 
426 (m). The reported analysis is for [ReVI(O)(apPh)(isqPh)(OC6Cl5)]•Benzene and the 
presence of benzene in the sample was confirmed by 1H NMR. Anal. Calcd for 
C53H64Cl5N2O4Re: C, 55.04; H, 5.58; N, 2.42; Found: C, 55.19; H, 5.22; N, 2.40. Crystals 
of X-ray quality were grown by slow evaporation of a saturated acetonitrile solution at 8 
oC over two weeks from a hanging wire of Chromel A®.  
4.5.4 Synthesis of ReVI(O)(apPh)(isqPh)Cl (3). 
Method 1. Compound 2 was isolated as a minor product from the above 
procedure. (62.4 mg, 0.075 mmol, 12%). Method 2. A 20-dram scintillation vial was 
charged with (Et4N)[ReV(O)(apPh)2] (25.9 mg, 0.0281 mmol), dissolved in MeCN (5 mL), 
and cooled to -20 oC. A second 20-dram scintillation vial was charged with [N(C6H4Br-
4)3][SbCl6] (25.8 mg, 0.0316 mmol), dissolved in MeCN (2 mL), and cooled to –20 oC. 
The two solutions were quickly mixed while cold with vigorous stirring and stored at -20 
oC. Dark purple crystals of X-ray quality deposited over six months at –20 oC. (2.7 mg, 
3.26 mmol, 11%). Method 3. A 20-dram scintillation vial was charged with 1 (30.0 mg) 
and dissolved in a CH2Cl2-MeCN (50/50) mixture. Excess concentrated HCl was added 
dropwise (6 drops, 200-300 µL). The reaction mixture was stirred at room temperature, 
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in air, for 15 hours. The reaction mixture was washed with water (5 mL) to remove 
unreacted HCl. The organic layer was separated and washed two more times with water 
(5 mL) and the organic layer was collected and dried over MgSO4. Removal of the 
solvent under reduced pressure gave a purple residue of 2 in quantitative yield. 1H NMR 
(293 K, 400 MHz, CD2Cl2, δ): 7.63 (td, J = 7.5 Hz, J = 2 Hz, NPh: meta, 1H); 7.54 (td, J = 
7.5 Hz, J = 2 Hz, NPh: meta, 1H); 7.45 (d, J = 8 Hz, NPh: ortho, 1H); 7.40 (tt, J = 7.4 Hz, 
J = 1.2 Hz, NPh: para, 1H); 7.2 (t, J = 8 Hz, NPh’: meta, 2H); 6.97 (tt, J = 7.4 Hz, J = 1.2, 
NPh’: ortho, para, 2H); 6.93 (d, J = 2.1 Hz, ArH, 1 H); 6.66 (d, J = 8.5 Hz, NPh: ortho, 
1H); 6.52 (d, J = 2.1 Hz, ArH, 1H); 6.4 (d, J = 2.1 Hz, ArH, 1H); 6.29 (br, NPh’: ortho, 1H) 
6.26 (d, J = 2.1 Hz, ArH, 1H); 1.48 (s, tBu Hz, 9H); 1.22 (s, tBu Hz, 9H); 1.20 (s, tBu, 9H); 
1.18 (s, tBu, 9 H). 1H NMR (253 K, 400 MHz, CD2Cl2, δ): 7.63 (t, J = 7 Hz, NPh: meta, 
1H); 7.56 (t, J = 7 Hz, NPh: meta, 1H); 7.44 (d, J = 7 Hz, NPh: ortho, 1H); 7.41 (t, J = 7 
Hz, NPh: para, 1H); 7.24 (t, J = 7 Hz, NPh’: meta, 1H); 7.17 (t, J = 7 Hz, NPh’: meta, 
1H); 7.01 (d, J = 7 Hz, NPh’: ortho 1H); 6.96 (t, J = 7 Hz, NPh’: para, 1H); 6.92 (d, J = 2 
Hz, ArH, 1H); 6.75 (d, J = 7 Hz, NPh: ortho 1H); 6.47 (d, J = 2 Hz, ArH 1H); 6.40 (d, J = 
2Hz, ArH, 1H); 6.33 (d, J = 7 Hz, NPh’: ortho, 1H); 6.28 (d, J = 2 Hz, ArH, 1H); 1.48 (s, 
tBu, 9H); 1.17 (s, tBu, 18H); 1.15 (s, tBu, 9H). UV–vis (CH2Cl2) λmax, nm (ε, M–1 cm–1): 
295 (sh), 410 (10,500), 515 (12,300), 605 (sh), 920 (1700). MALDI-MS (m/z): 828. FTIR 
(ATR): 2958 (m), 2905 (m), 2868 (m), 1588 (m), 1532 (m), 1481 (s), 1451 (m), 1407 (w), 
1391 (m), 1362 (s), 1320 (m), 1302 (m), 1264 (s), 1250 (s), 1176 (s), 1111 (w), 1070 (w), 
1027 (m), 995 (s), 928 (vs), 915 (vs), 859 (s), 834 (m), 772 (m), 758 (m), 741 (w), 714 
(vs), 703 (vs), 671 (m), 652 (m), 643 (s), 616 (s), 555 (m), 541 (m), 503 (m), 474 (w). 
The reported analysis is for [ReVI(O)(apPh)(isqPh)(Cl) )] • 0.5 Benzene and the presence 
of benzene in the sample was confirmed by 1H NMR. The sample for elemental analysis 
was prepared by method 3 which produces an equivalent of the pentachlorophenol as 
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an impurity and is required for a passing elemental. Anal. Calcd for 
C47.8H53.8Cl5N2O3.8Re: C, 53.13; H, 5.02; N, 2.59; Found: C, 53.06; H, 5.15; N, 2.70. 
4.5.5 Synthesis of Re2(μ-O)2(apPh)2(isqPh)2 (4)  
 Method 1. To a CH2Cl2 (5 mL) solution of ReVI(O)(apPh)(isqPh)(Cl) (25.6 
mg, 0.031 mmol) in a 20-dram scintillation vial was added bis(benzene)chromium (6.3 
mg, 0.031 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred for 20 min at which 
point the solvent was removed under vacuum. The resulting purple residue was 
extracted with ether and the solvent removed under vacuum to afford 4 (19.3 mg, 79 %). 
Single crystals of X-ray quality were grown from slow evaporation of a CH2Cl2 solution. 
Method 2. To a MeCN (10 mL) solution of [Re(O)(apPh)2]– (0.3272 g, 0.355 mmol) in a 
20-dram scintillation vial was added [N(C6H4Br–4)3][BF4] (0.1963 g, 0.345 mmol) in 
MeCN (5 mL). The reaction was stirred for 30 min at which point Re2(μ-O)2(apPh)2(isqPh)2 
was collected as a dark purple powder via filtration (0.5323 g, 97 %). Single crystals of 
X-ray quality were grown by vapor diffusion of MeCN into a CH2Cl2 solution of Re2(μ-
O)2(apPh)2(isqPh)2. Method 3. To a CH2Cl2 (5 mL) solution of ReVI(O)(apPh)(isqPh)(Cl) (8.9 
mg, 0.01 mmol) in a 20-dram scintillation vial was added [Re(O)(apPh)2]– (10.7 mg, 
0.012) in CH2Cl2 (5 mL). The reaction mixture was stirred for 10 min at which point the 
solvent was removed under vacuum. The resulting purple residue was extracted with 
ether and the solvent removed under vacuum to give Re2(μ-O)2(apPh)2(isqPh)2 as a dark 
purple powder (15.23 mg, 96 %). Single crystals of X-ray quality were grown from slow 
evaporation of a benzene solution. 1H NMR (300 MHz, C6D6, δ): 6.8-7.0 (m, 28 ArH); 
1.27 (s, tBuH, 36 H); 1.1 (s, tBuH, 36 H). UV–vis (CH2Cl2) λmax, nm (ε, M–1 cm–1): 300 
(sh), 420 (sh), 480 (33,000), 610 (22,700). MALDI-MS(m/z): 1586. FTIR (ATR): 2953 (s), 
2902 (m), 2865 (m), 1589 (m), 1484 (s), 1463 (m), 1391 (m), 1361 (s), 1247 (vs), 1201 
(m), 1163 (m), 1024 (m), 994 (s), 928 (m), 888 (s), 861 (s), 832 (s), 765 (s), 708 (vs), 
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687 (w), 645 (vs), 621 (s), 570 (s), 545 (m), 502 (m), 483 (s), 400 (m). Anal. Calcd for 
C80H100N4O4Re2: C, 60.58; H, 6.35; N, 3.53; Found: C, 60.03; H, 6.35; N, 3.44. 
4.5.6. X-ray Crystallography. 
Crystals of ReVI(O)(apPh)(isqPh)(OC6Cl5), ReVI(O)(apPh)(isqPh)(Cl), and Re2V(μ-
O)2(apPh)2(isqPh)2  suitable for X-ray diffraction analysis were coated with Paratone N oil, 
suspended on a small fiber loop and placed in a cooled nitrogen stream at 173 K on 
Bruker D8 APEX II CCD sealed tube diffractometer. Data were collected using graphite 
monochromated Mo Kα (λ = 0.71073 Å) radiation. Data were measured using a series of 
combinations of phi and omega scans with 10 s fame exposures and 0.5o frame widths. 
Data collection, indexing and initial cell refinements were done using APEX II software.50 
Frame integration and final cell refinements were done using SAINT software.51 The 
structures were solved using direct methods and difference Fourier techniques using the 
SHELXTL program package, V6.12. Hydrogen atoms were placed in their expected 
chemical positions using the HFIX command and were included in the final cycles of 
least squares with isotropic Uij’s related to the atoms ridden upon. All non-hydrogen 
atoms were refined anisotropically except for C19, C24, and the N and O atoms in 
Re2V(μ-O)2(apPh)2(isqPh)2 Scattering factors and anomalous dispersion corrections are 
taken from the International Tables for X-Ray Crystallography.52
 
 Other details of data 








Table 4.1. Crystallographic Data and Structure Parameters for 2•CH3CN and 3. 
 
Complex 2•CH3CN 3 
Empirical formula  C48H53Cl5N3O4Re C40H50ClN O3Re 
Formula weight  1099.38 828.47 
Temperature  173(2) K 173(2) K 
Crystal system  Triclinic Triclinic 
Space group  P-1 P-1 
Unit cell dimensions 
  a (Å) 11.9967(14)  9.322(4)  
b (Å) 12.6993(15)  12.209(5)  
c (Å) 16.7812(19)  17.354(7)  
α (°) 100.583(2) 86.153(5) 
β (°) 107.213(2) 75.923(5) 
γ (°) 90.282(2) 83.290(5) 
V (Å3) 2395.8(5)  1901.2(12)  
Z 2 2 
Dcalc (g cm–1) 1.524 1.447 
Absorption coefficient (mm–1) 2.86 3.304 
Crystal size (mm) 0.59 x 0.38 x 0.21 0.32 x 0.13 x 0.12  
θ  range for data collection (°) 1.86–32.52 1.21–30.36 
Index ranges -17 ≤ h ≤ 17 -12 ≤ h ≤ 13 
 
-18 ≤ k ≤ 18 -17 ≤ k ≤ 17 
 
-25 ≤ l ≤ 24 23 ≤ l ≤ 23 
Reflections collected/unique 5150 35407 
Goodness of fit on F2 1.06 1.007 
R [I > 2σ(I)] 0.0304 0.0431 
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Chapter 5 
“Masked” Oxyl Radicals: Synthesis and Reactivity 
5.1 Introduction  
Selecting for 1e– and/or 2e– redox transformations in bond-making and -breaking 
reactions is of paramount importance for selective activation of small molecules.1- 3 
Transition metals are often employed as catalysts for selective redox control due to their 
ability to mediate the transfer of multiple redox equivalents while avoiding odd electron 
intermediates.1,4- 8
Catalysis that incorporates free radical intermediates have some synthetic utility 
but tend to be unselective, or selective for less desirable products.
  Later 4d and 5d metals are typically utilized for this purpose owing to 
their tendency to facilitate 2e– reactions with organic substrates while avoiding odd d 
electron counts.1,4-6 
1,2,4,5 This is due to 
the fact that radical reactions often have low kinetic barriers. As discussed in Chapter 1, 
biological reactions access the low barrier pathways of radical reactions while 
maintaining redox control and selectivity in the activation of small molecules.9- 11 For 
example, the ability of P450 to hydroxylate strong C–H bonds is often ascribed to the 
diradical ground state of the FeIV=O intermediate, which contains a porphryin ligand 
radical.12
The use of redox-active ligands to store and deliver multiple redox equivalents 
has received a lot of attention in recent years.
 It appears that using redox-active ligands in concert with metal centers helps 
control the selectivity of radical reactions. 
13- 25 There has been great success in 
utilizing these ligands in stoichiometric and catalytic activation of small molecules. The 
majority of these systems have focused on exploiting low energy ligand-metal CT for 
multielectron reactions at coordinatively unsaturated 3d metal centers.13-20,24,25 For 
example, 2e– pseudo oxidative addition and reductive elimination reactions at d0 or later 
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first row metals, where the redox equivalents derive from the redox-ligand, have been 
demonstrated.13,20,25 
A complimentary application of this strategy is discussed in Chapters 2-4 wherein 
redox-active ligands facilitate activation of O2, deoxygenation of nitroxyl radicals, and 
Re–X bond forming reactions at five-coordinate oxorhenium(V) complexes.21-23 In these 
reactions the ligand radicals have been proposed to impart a 1e–, radical-like reactivity to 
the net 2e– oxo-transfer and Re–X bond forming reactions which gives access to a low 
barrier pathway. However, in all of these reactions the reactivity occurs at the metal 
center to make Re–O and Re–X bonds. In the context of catalysts for O-O bond 
formation this is undesirable because bond formation requires coupling of two metal oxyl 
fragments. Accordingly, new strategies are needed to direct radical reactivity towards the 
terminal oxo ligand and to produce oxyl-like character in order to facilitate radical 
coupling O–R bond forming reactions.  
This chapter discusses use of coordinatively saturated oxorhenium complexes in 
attempts to direct the radical reactivity towards the oxo ligand giving it oxyl-like behavior. 
Generation of an oxyl radical typically requires population of a metal-oxo π*-antibonding 
orbital by a single electron or removal of an electron from a metal-oxo π-bonding orbital. 
The latter approach is usually energetically prohibitive due to the bonding orbitals being 
low in energy. A different approach that will be discussed here is to delocalize a ligand 
radical L● hole of semiquinonate-type ligand into the Re–Ooxo π system through 
symmetry allowed mixing of the orbitals. In the extreme case where the hole is 
completely delocalized, [O]2–  [L]●–, the Re–Ooxo bond order decreases from 3.0 to 2.5 
generating an oxyl radical (Figure 5.1). This is most likely a high-energy process, 
depending on the ligand oxidation potentials, but it is not unreasonable to expect that 
mixing the [L]●– SOMO with a Re≡O π -bond may give oxyl radical character. We term 
these “masked” oxyls. The following criteria are required for a “masked” oxyl: (1) a 
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Figure 5.1. Qualitative MO of (a) a d0 M=Ooxo containing a ligand radical with a 
corresponding schematic representation of a “masked” oxyl and (b) the strong limit case 





5.2.1 Preparation and Characterization of Coordinatively Saturated Oxorhenium 
Complexes. 
Addition of 1.1 equiv. catecholborane (1,2-catecholborane or 3,5-di-tert-butyl-
catecholborane) to a benzene solution of TpReV(O)(OMe)2 [Tp = tris(pyrazolyl)borate] 
resulted in a color change from vibrant blue to brown over one hour at ambient 
temperature. The two brown products were isolated in high yield by slow evaporation of 
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an ether solution at –50 OC (> 80%). Analysis of the brown powders by MALDI-MS gave 
parent ion peaks at m/z 526 and 636, respectively, corresponding to substitution of the 
two [OMe]– ligands with [cat]2– or [3,5-tBu2cat]2– respectively ([cat]2– = 1,2-catecholate, 
[3,5-tBu2cat]2– = 3,5-di-tert-butylcatecholate) (eq. 1). Analysis of the brown powders by 
1H NMR gave the expected peaks corresponding to coordination of a catecholate or 3,5-
di-tert-butylcatecholate to a rhenium(V) metal center. Purification by silica gel 
chromatography allowed TpReV(O)(tBu2cat) to be collected as an analytically pure brown 
solid. The same brown products were also obtained by addition of excess Et3N and the 
corresponding catechol to TpRe(O)(OMe)2 and stirring for three days (eq. 2). However, 






Two derivatives containing [apPh]2– and [OCH2CH2O]2– ligands ([apPh]2– =2,4-di-
tert-butyl-6-(phenylamido)phenolate) were prepared by reactions of TpReV(O)(OMe)2 
and TpReV(O)(Cl)2, respectively with the acid ligand precursor in basic benzene and 
basic MeCN, respectively.  Slow evaporation of an ether/pentane solution of 
TpReV(O)(apPh) at –10 OC deposited dark brown crystals suitable for x-ray diffraction. A 
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single crystal structure is provided in Figure 5.2. It contains a pseudo-octahedral 
rhenium bound to a facially capping Tp ligand and an aminophenol-derived ligand cis to 
a terminal oxo ligand. The ligand C–C bond distances are equal within 3σ (1.40 ± 0.02 
Å), and the C–O and C–N bond distances of 1.371(8) and 1.407(8) Å, respectively, 
suggest that the aminophenol-derived ligand is a fully reduced, closed-shell [apPh]2– 
dianion.26,27
 
 The assignment of this complex as rhenium(V) is additionally supported by 
the diamagnetic 1H NMR spectrum and analytical data. 
 
 
Figure 5.2. Solid-state structure of TpReV(O)(apPh)•0.3 Pentane shown with 50% 
probability ellipsoids. Hydrogen atoms and solvent molecule omitted for clarity. Selected 
bond lengths (Å): Re1–O1 1.690(5), C1–O2 1.371(8), C6–N1 1.407(8). 
 
 
Crystals of TpReV(O)(OCH2CH2O) obtained from a concentrated CH2Cl2 solution 
were also analyzed by x-ray diffraction. As shown in Figure 5.3, the complex contains a 
pseudo-octahedral geometry. As in the [apPh]2– complex described above, the ethylene 
glycolate ligand is located cis to the terminal oxo ligand. The [OCH2CH2O]2– ligand 
 152 
contains  C–O bond distances of 1.475(14) and 1.452(11) Å typical of diolates. The 
Re≡Ooxo bond length of 1.686(7) Å is consistent with the Re–O triple bond expected for a 
monooxo d2 ion in a tetragonal ligand field.28
 
 Similar to TpReV(O)(apPh), the rhenium(V) 
oxidation state of TpReV(O)(OCH2CH2O) is supported by the diamagnetic 1H NMR 
spectrum and analytical data. 
 
 
Figure 5.3. Solid-state structure of TpReV(O)(OCH2CH2O) shown with 50% probability 
ellipsoids. Hydrogen atoms omitted for clarity. Selected bond lengths (Å): Re1-O1 
1.686(7), Re1-O2 1.961(6), Re1-O3 1.941(6), C1-O2  1.475(14), C2-O3 1.452(11). 
 
 
Cyclic voltammograms of TpRe(O)(L) (L = [cat]2–, [3,5-tBu2cat]2–, [apPh]2–, 
[O2(CH2)2]2–) are shown in Figure 5.4. In CH3CN with [nBu4N][PF6] supporting electrolyte, 
irreversible oxidation of TpRe(O)(cat) occurs at Epa = 0.77 V versus Fc+/Fc (Figure 5.3a). 
A reversible redox event occurs at –1.77 V versus Fc+/Fc and because the ligand is fully 
reduced it is assigned to the ReV/ReIV couple. The voltammogram for TpRe(O)(3,5-
tBu2cat) shows a reversible event centered at 0.6 V versus Fc+/Fc and the potential shifts 
to 0.3 V versus Fc+/Fc upon ligand substitution from [3,5-tBu2cat]– to [apPh]2– (Figure 
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5.3b). The [apPh]2– ligand is more electron rich and therefore more easily oxidized, and so 
the redox event is assigned to the ligand.29 Although, a metal based redox event cannot 
be ruled out, metal based oxidation would generate a d1 monooxorhenium(VI) complex. 
These are rare and thermodynamically unfavorable compared to their d0/d2 
counterparts.30
 A voltammogram of TpRe(O)(OCH2CH2O) containing the redox-inert glycol 
ligand is shown in Figure 5.3b. It has a reversible redox event centered at 0.56 V versus 
Fc+/Fc which is necessarily assigned to the ReV/ReVI couple. From this datum we are 
unable to undoubtedly assign the redox event of TpReV(O)(3,5-tBu2cat) as a ligand- or 
metal-based event.  
 
The ability of the six-coordinate dioxorhemium(VII) complex31 [ReVII(O)2(apPh)2]– 
to undergo electron transfer was also investigated by cyclic voltammetry. A reversible 
oxidation is observed centered at –0.125 V versus Fc+/Fc (Figure 5.3c). The complex 




Figure 5.4. Cyclic voltammograms of (a) TpRe(O)(cat), (b) TpRe(O)(3,5-tBu2cat) (red), 
TpRe(O)(apPh) (green), and TpRe(O)(OCH2CH2) (blue), and (c) [ReVII(O)2(apPh)2]– in 
CH3CN containing [nBu4N][PF6] at 100 mV s–1 scan rates. All CV scans were measured 
at 25 oC using a 10 mm Pt electrode. 
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5.2.2 Attempted Synthesis of [Re(O)(apPh)(isqPh)(Cl)]–. 
In Chapter 4 [ReV(O)(apPh)(isqPh)]– was shown to rapidly dimerize making it non-
isolable. We therefore attempted to trap the [ReV(O)(apPh)(isqPh)]– monomer with Cl– to 
generate [ReV(O)(apPh)(isqPh)(Cl)]–. Chemical oxidation of [ReV(O)(apPh)2]– in the 
presence of Cl– salts, or by direct addition of Cl● failed to produce 
[ReV(O)(apPh)(isqPh)(Cl)]–. This is not too unexpected considering the quasi-reversible 
behavior of [ReVI(O)(apPh)(isqPh)(Cl)] reduction. However, addition of 2.4 equiv Me3SiCl 
to CH2Cl2 solutions of [ReV(O)(apPh)2]– and heating at 65 oC resulted in a color change 
from pale yellow-green to dark maroon. The maroon product was conveniently purified 
by silica gel chromatography. Single crystals suitable for X-ray diffraction were grown by 
slow evaporation of concentrated CH2Cl2 solutions (Figure 5.5). The solid state structure 
reveals a pseudo-octahedral, six-coordinate neutral cis-dichlororhenium ion with two 
aminophenol-derived ligands in the trans position. The C–O and C–N bond lengths 
average 1.32 Å and 1.36 Å respectively, which are contracted compared to the [apPh]2– 
ligands in [ReV(O)(apPh)2]–, ReVI(O)(apPh)(isqPh)(OC6Cl5), and ReVI(O)(apPh)(isqPh)(Cl) but 
elongated compared to the [isqPh]●– ligand in ReVI(O)(apPh)(isqPh)(OC6Cl5) and 
ReVI(O)(apPh)(isqPh)(Cl). The C–C bonds also show a loss of aromaticity with a quinoid-
like distortion of four long and two short C–C bonds. The sum of the bond distances are 
in good agreement with the arithmetic mean of those expected for one [apPh]2– and one 
[isqPh]●– ligand.32,33 Further support for a S = ½ ground state is evidenced by a solution 
magnetic moment of 1.77 μB at 25 oC in CD3CN and the absence of well-resolved 
diamagnetic resonances in the 1H NMR spectrum. The sum of these data suggest that 
the complex is best described as ReV(Cl)2(apPh)(isqPh) containing a single ligand-
centered radical with a S = ½ ground state. It is unknown if the unpaired electron is 
localized on a single ligand similar to ReVI(O)(apPh)(isqPh)(Cl) and 
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ReVI(O)(apPh)(isqPh)(OC6Cl5) or if it is delocalized throughout both of the aminophenol 




Figure 5.5. Solid state structure of [Re(Cl)2(apPh)(isqPh)]•0.65 CH2Cl2 show with 50% 
probability ellipsoids. The hydrogen atoms and CH2Cl2 solvate are omitted for clarity. 
Selected bond lengths (Å): Re1-Cl1 2.3681(12), Re1-Cl2 2. 3616(13), C1-O1 1.319(6), 
C6-N1 1.360(6), C7-O2 1.324(5), C12-N2 1.366(6). 
 
 
5.2.3 Preparation and Characterization of “Masked” Oxyl Radicals. 
The electrochemical data for TpReV(O)(apPh) and [ReVII(O)2(apPh)2]– suggested 
that they are reasonable candidates for generation of “masked” oxyls (Figure 5.1). Since 
they both show reversible redox events at relatively modest potentials, chemical 
oxidations were pursued. Addition of 1 equiv AgBF4 to a THF solution of TpReV(O)(apPh) 
gave a gradual color change from brown to green over 15 hours. Removal of solvent 
followed by washing with ether gave a green solid. Analysis of the green solid by MALDI-
MS gave a peak at m/z 711 that matches the neutral starting material consistent with an 
electron transfer product. However, the UV-vis of CH2Cl2 solutions of the starting 
material and green product are significantly different (Figure 5.6). Also, the green solid is 
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insoluble in ether and pentane suggesting that it is a salt, which is expected for 1e– 




Figure 5.6. UV-vis absorption spectra of 2 x 10–5 M TpRe(O)(apPh) (brown line) and 
[TpRe(O)(isqPh)][BF4] (green line) in MeCN. 
 
 
Single crystals of the green solid suitable for X-ray analysis were obtained by 
slow diffusion of ether into a CH2Cl2 solution. As shown in Figure 5.7, the cation contains 
rhenium with pseudo-octahedral geometry similar to TpReV(O)(apPh) with a Tp ligand 
and an aminophenol-derived ligand cis to a terminal oxo and a BF4 counter anion. While 
it is structurally similar to TpReV(O)(apPh), it is significantly different electronically. The 
aminophenol-derived ligand has contracted C–O and C–N bond distances of 1.300(13) 
and 1.371(15) Å, and a quinoid-type pattern of four long and two short C–C bonds, so 
the metrical data best match those for the [isqPh]●– radical. This ligand oxidation state 
implies that the complex is best formulated as [TpReV(O)(isqPh)][BF4] containing a ligand 
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radical. Consistent with this S = ½ radical ground state the solution magnetic moment is 




Figure 5.7. Solid-state structure of [TpReV(O)(isqPh)][BF4]•0.28 CH2Cl2 shown with 50% 
probability ellipsoids. Hydrogen atoms, BF4 counter anion, and solvent molecule omitted 




Addition of 1 equiv AgBF4 to an acetone solution of [Re(O)2(apPh)2]– rapidly 
produced a color change from violet to green. Reduction of volume and cooling to –20 
oC produced a green solid. MALDI-MS analysis of the green solid shows a peak at m/z 
809 that matches the anionic starting material and as expected for an electron transfer 
product the lack of NMR signals suggests the presence of a paramagnetic species. 
Since [Re(O)2(apPh)2]– contains a d0 metal center the oxidation is necessarily ligand-
based producing Re(O)2(apPh)(isqPh), but structural data are needed to confirm the 
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assignment (Scheme 5.1). Dissolving the green material in acetone and stirring 
overnight at ambient temperature results in a color change to dark purple. Analysis of 
the purple material by MALDI-MS gave a peak at m/z 1602 corresponding to the 







Single crystals suitable for X-ray analysis were grown by slow evaporation of an MeCN 
solution at –20 oC. The structure reveals a neutral dirhenium complex with each rhenium 
center containing a pseudo-octahedral geometry consisting of two aminophenol-derived 
ligands in a cis arrangement, a terminal oxo ligand and a bridging oxo (Figure 5.8). One 
MeCN solvent molecule is contained in each unit cell, but is not bound to either rhenium. 
The two rhenium centers are symmetrical with the bridging oxo occupying a cis site to 
the terminal oxo ligand. Both aminophenol-derived ligands cis to the terminal oxos have 
C–C bond distances that are equidistant within 3σ (1.40 ± 0.02 Å) and has C–O and C–
N bond distances of 1.358 ± 0.02 and 1.384 ± 0.03 Å, respectively, suggesting the 
aminophenol-derived ligands are the fully reduced, closed-shell [apPh]2– dianions.26,27 The 
amino-phenol derived ligands trans to the terminal oxo ligands show a loss of aromaticity 
with a quinoid pattern of four long and two short C–C bond distances, and shortening of 
the C–O and C–N bond distance to 1.303 ± 0.03 and 1.367 ± 0.05 Å respectively. These 
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distances suggest that the ligand is best described as an iminosemiquinonate [isqPh●]– 
anion.33,34 The Re≡O oxo bond distances of 1.699 ± 0.01 Å are within the anticipated 
range for a Re–O triple bond in Re(V) and Re(VI) complexes.35
 
 The sum of these data 
suggest that the purple product is best described as a Re2VI(O)2(μ-O)(apPh)2(isqPh)2 
dimer. The assignment of the purple species as Re2VI(O)2(μ-O)(apPh)2(isqPh)2 means that 
the reaction in Scheme 5.1 is not balanced. One route to this observed dimer is a 
reaction of ReVII(O)2(apPh)(isqPh) with ReV(O)(apPh)(isqPh). This requires a net loss of [O]2– 
(Scheme 5.2). Accordingly, addition of 0.5 equiv PPh3 to CH2Cl2 solutions of 
[ReVII(O)2(apPh)(isqPh)] resulted in a rapid color change to dark purple. Analysis of the 
dark purple solution by UV-vis produced a spectrum that was identical to authentic 
samples of Re2VI(O)2(μ-O)(apPh)2(isqPh)2 (Scheme 5.2a). Mixing excess PPh3 (ca. 10 eq.) 
produces an immediate color change from green to dull-purple. Analysis of the dull-
purple solution by UV-vis generated a spectrum that was identical to authentic samples 
of Re2V(μ-O)2(apPh)2(isqPh)2 (Scheme 5.2b). Addition of excess PPh3 to 
[ReVII(O)2(apPh)(isqPh)] should generate 1 equiv of ReV(O)(apPh)(isqPh) which is known to 
rapidly dimerize into Re2V(μ-O)2(apPh)2(isqPh)2. This suggests that Re2VI(O)2(μ-
O)(apPh)2(isqPh)2 is produced through dimerization of a ReVII(O)2(apPh)(isqPh) transient  




Figure 5.8. Solid state structure of Re2VI(O)2(μ-O)(apPh)2(isqPh)2 shown with 50% 
probability ellipsoids. Hydrogen atoms omitted for clarity. Selected bond lengths (Å): 










5.2.4 Radical Coupling of “Masked” Oxyls. 
Based on the criteria defining “masked” oxyl species described in section 5.1, 
five “masked” oxyl species have been synthesized: ReVI(O)(apPh)(isqPh)(Cl), 
ReVI(O)(apPh)(isqPh)(OC6Cl5), [TpRe(O)(isqPh)]+, ReVII(O)2(apPh)(isqPh), and Re2VI(O)2(μ-
O)(apPh)2(isqPh)2 (Table 5.1.). The reactivity of the new “masked” oxyl complexes 
described above along with ReVI(O)(apPh)(isqPh)(Cl) described in Chapter 4, were tested 
with a variety of reagents capable of supplying radicals: H●, O●, B●, Si●, and C● (Table 
5.2). Only a broad and incomplete study has been performed to date, and this section 
will not go into great detail of the majority of this reactions. However, two reactions 
showed promise towards oxyl-like radical coupling and will be discussed in more detail in 


























Table 5.2.  List of Radical Sources and Corresponding “Masked” Oxyl Source for 
Radical Coupling Reactions. 
 


















PhMe2SiB(NiPr2)2 [Si●],[ B●] 
ReVI(O)(apph)(isqPh)(Cl) Gomberg’s Dimer [C●] 
 
 
Addition of Bu3SnH to a MeCN solution of [TpRe(O)(isqPh)]+ resulted in a rapid 
color change from green to brown. Analysis of the brown solution by UV-vis and 1H NMR 
matched that of TpRe(O)(apPh) exactly suggesting that an electron transfer event 
occurred with no radical coupling. It is possible that a radical coupling event occurred to 
generate [TpReV(OH)(apPh)]+ which rapidly loses a proton to produce TpRe(O)(apPh). 
One possible explanation for the instability of the hydroxo complex could be that weaker 
π donation by the [OH]– ligand would be unsuitable to stabilize the high rhenium 
oxidation state (Scheme 5.3). Addition of Bu3SnH to Re2VI(O)2(μ-O)(apPh)2(isqPh)2 and 
ReVI(O)(apPh)(isqPh)(Cl) gave a complex mixture of unidentifiable organic and inorganic 
products by MALDI-MS, GC-MS, and 1H NMR spectroscopy. 









Addition of Azobisisobutyronitrile (AIBN) to toluene solutions of [TpRe(O)(isqPh)]+, 
Re2VI(O)2(μ-O)(apPh)2(isqPh)2, and ReVI(O)(apPh)(isqPh)(Cl) gave no reaction over days at 
ambient temperatures. However, upon heating to 80 oC the diazo compound 
thermolyses to generate two equiv of CN(CH3)2C● and N2 gas.
5.2.4.2 Reactions with Azobisisobutyronitrile, C● 
36,37 The three “masked” 
oxyl species behaved differently towards the net [C]● source. As with the H● reaction 
above, [TpReV(O)(isqPh)]+ produced TpReV(O)(apPh) as evidenced by comparison of the 
UV-vis and 1H NMR spectra to authentic samples of the isolated brown product. Both 
Re2VI(O)2(μ-O)(apPh)2(isqPh)2, and ReVI(O)(apPh)(isqPh)(Cl) gave a slow color change from 
dark purple to a dull-purple. Analysis of the dull-purple by GC-MS, MALDI-MS, and 1H 
NMR gave a complex mixture of unidentifiable products. Analysis of the same reaction 
mixtures by UV-vis produced a spectrum matching Re2V(μ-O)2(apPh)2(isqPh)2.  
Exposure of PhMe2SiB(NiPr2)2 to ultraviolet radiation below 320 nm results in 
photolysis to generate PhMe2Si● and ●B(NiPr2)2.
5.2.4.3 Reactions with PhMe2SiB(NiPr2)2, Si● and B● 
38 Addition of 1 equiv PhMe2SiB(NiPr2)2 
to benzene solutions of [TpReV(O)(isqPh)]+ results in a rapid color change to brown. 
Analysis of the brown reaction mixture by UV-vis matched that of TpRe(O)(apPh) exactly 
while GC-MS of the same solution gave a complex mixture of organic products. This 
suggests that, similar to reaction with Bu3SnH, only an electron transfer event occurs to 
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reduce [TpReV(O)(isqPh)]+ to TpRe(O)(apPh). The fate of the PhMe2SiB(NiPr2)2 reagent is 
unknown. Addition of 1 equiv PhMe2SiB(NiPr2)2 to benzene solutions of 
[Re(O)2(apPh)(isqPh)] results in a rapid color change to purple. Analysis of the purple 
solution by GC-MS, MALDI, MS, and 1H NMR gave a complex mixture of unidentifiable 
products. Analysis of the same reaction mixtures by UV-vis produced a spectrum that 
did not match any isolated rhenium complexes described in this thesis. 
Addition of 0.5-2.0 equiv PhMe2SiB(NiPr2)2 to a benzene solution of Re2VI(O)2(μ-
O)(apPh)2(isqPh)2 gave no reaction over days at ambient temperature in the absence of 
light. However, when the reaction mixture was irradiated with UV light for 5 h a color 
change from dark purple to dull-purple was observed. Analysis of the reaction mixture by 
UV-vis produced a spectrum matching Re2V(μ-O)2(apPh)2(isqPh)2, while MALDI-MS of the 
same solution gave peaks at m/z 944, 1079, and 1586. The peaks at m/z 944 and 1079 
correspond to a [Re(O)2(L)2] (L = aminophenol-derived) core plus one and two [PhMe2Si] 
fragments respectively while the peak at m/z 1586 corresponds to the known Re2V(μ-
O)2(apPh)2(isqPh)2 dimer (Scheme 5.4). The two siloxy containing metal species would be 
expected to be brightly colored, and the observation of mainly Re2V(μ-O)2(apPh)2(isqPh)2 
in the UV-vis suggests that they are formed in comparatively low yield. Analysis of the 
same reaction mixture by GC-MS revealed PhMe2SiOH and (PhMe2Si)2O as the major 
products (Scheme 5.4). Minor products in the GC-MS included PhMe2SiH, (PhMe2Si)2, 
PhMe2Si(C6H5), and  HB(NiPr2)2. The sum of these data suggests that an oxo transfer 
reaction has occurred. Photolysis of PhMe2SiB(NiPr2)2 in the presence of O2 did not 
show any production of PhMe2SiOH by GC-MS. Interestingly, Re2VI(O)2(μ-
O)(apPh)2(isqPh)2 does not react with excess PPh3 (ca. 20 equiv) over days at ambient 








As illustrated in Scheme 5.4, the immediate product of net oxo transfer from 
Re2VI(O)2(μ-O)(apPh)2(isqPh)2 to PhMe2Si● is a dimethylphenylsiloxyl PhMe2SiO● radical. 
Generation of PhMe2SiOH requires net addition of 1 equiv H● while generation of 
(PhMe2Si)2O could result from radical trapping of the dimethylphenylsiloxyl PhMe2SiO● 
radical by another PhMe2Si● generated through photolysis of PhMe2SiB(NiPr2)2. Mixing 
[ReV(O)(apPh)2]– or [ReVII(O)2(apPh)2]– with 2 equiv PhMe2SiB(NiPr2)2 gave no reaction 
over days at ambient temperature in the dark, and no reaction after 5 h of irradiation with 
UV light. The implications of these results for the mechanism of oxo transfer in Scheme 
5.4 are discussed in section 5.3. 
Addition of 1.1 equiv triphenylmethyl radical Ph3C● to a benzene solution of 
ReVI(O)(apPh)(isqPh)Cl, with exclusion of ambient light, results in a slow color change 
from dark violet to red-purple over 1 week at ambient temperature. Stoichiometric 
amounts of Ph3C● were used, however, the actual concentration of the free radical in 
benzene is 2% of the Gomberg dimer.
5.2.4.4 Reaction with Gomberg’s Dimer, C● 
39 Analysis of the reaction mixture by GC-MS 
revealed triphenylmethanol PH3COH as the major product in 69% yield based on limiting 
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rhenium. Minor products include benzophenone and triphenylmethane, which make up 
<10% of the total Ph3C●-derived material. The red-purple solution contained three 
rhenium products which were separated and isolated by column chromatography. These 
are unreacted ReVI(O)(apPh)(isqPh)Cl starting material, Re2V(μ-O)2(apPh)2(isqPh)2 dimer, 
and ReV(Cl)2(apPh)(isqPh), and the identity of all three was confirmed by comparison of 
the UV-vis spectra to authentic samples prepared independently. The yields of both 








The immediate product of net oxo transfer from ReVI(O)(apPh)(isqPh)Cl to Ph3C● is 
a triphenylmethoxyl radical Ph3CO●. However, this species undergoes a rapid 1,2-phenyl 
shift to produce α-phenoxydiphenylmethyl radical.40,41 The observation of Ph3COH in 
high yield suggests that free Ph3CO● radical is not an intermediate in the reaction. The 
production of Ph3COH from a net source of Ph3CO● requires addition of 1 equiv H●. The 
source of the H● is unknown. Exposure of the Ph3C● radical to O2 under analogous 
conditions did not produce any Ph3COH. Mixing Re2V(μ-O)2(apPh)2(isqPh)2 and Ph3C● or 
[Ph3C][BF4] (1-30 eq.) over 2-6 days at ambient temperature gave negligible change in 
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the UV-vis spectra and analysis of the reaction mixture by GC-MS showed no production 
of Ph3COH.  
Addition of 1 equiv Ph3C● to [ReV(O)(apPh)2]– in benzene gave slow conversion 
over 24 h to a slightly darker yellow-green solution that contained 15-30% of the 1e– 
oxidized product ReV2(μ-O)2(apPh)2(isqPh)2. Analysis of the same reaction mixture by GC-
MS again showed no production of Ph3COH. Mixing 1 equiv [Ph3C][BF4] to a benzene 
solution of [ReV(O)(apPh)2]– results in a rapid color change from pale yellow-green to dull-
purple. Analysis of the purple reaction mixture by MALDI-MS and UV-vis spectroscopy 
after 24 h at ambient temperature confirmed the identity of the purple material as Re2V(μ-
O)2(apPh)2(isqPh)2 in 90% isolated yield based on rhenium. No Ph3COH is formed during 
the reaction suggesting that the [Ph3C]+ is a competent 1e– oxidant for [ReV(O)(apPh)2]– 
but the two are unsuitable for an oxo transfer reaction. Exposure of [ReVII(O)2(apPh)2]– in 
a 90:10 benzene:MeCN solution to 1 equiv Ph3C● resulted in no obvious color change 
and no Ph3COH production by GC-MS. 
5.3 Discussion 
5.3.1 Re–O Bond Formation via Metal-Centered Radical Trapping 
The propensity for the five-coordinate “masked” oxyl complexes to dimerize 
directed us to pursue isolation of coordinatively-saturated complexes that fit the criteria 
to be “masked” oxyl radicals. However, oxidation of [ReVII(O)2(apPh)2]– by chemical 
oxidants ultimately lead to a dimerized product. Unlike the previous dimer, sufficient X-
ray data was obtained to assign oxidation states of the metal and ligands as a neutral 
Re2VI(O)2(μ-O)(apPh)2(isqPh)2. The dimer complex and corresponding oxidation states are 
unexpected from the reaction conditions and warrant further discussion. The dimerized 
product requires a net loss of an [O] atom and reduction of the Re(VII) to Re(VI). As 
described above it is believed that the generation of the dimer proceeds through a 
[ReVII(O)2(apPh)(isqPh)] intermediate. Loss of an [O] atom from ReVII(O)2(apPh)(isqPh) 
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would generate ReV(O)(apPh)(isqPh) which is known to rapidly dimerize to Re2V(μ-
O)2(apPh)2(isqPh)2; the fate of the [O] atom is unknown. From this result it is not 
unreasonable that ReV(O)(apPh)(isqPh) and [ReVII(O)2(apPh)(isqPh)] would dimerize to 
produce Re2VI(O)2(μ-O)(apPh)2(isqPh)2. This draws parallels to radical trapping of oxygenic 
radicals, such as O2 and TEMPO●, by [ReV(O)(apPh)2]– to form a Re–O bond, suggesting 
that [ReVII(O)2(apPh)(isqPh)] has oxyl-like behavior. Reactions of [ReVII(O)2(apPh)(isqPh)] 
with oxo acceptors suggest that the reaction of [ReVII(O)2(apPh)(isqPh)] with 
ReV(O)(apPh)(isqPh) is a reasonable route to the dimer (Scheme 5.2). When excess PPh3 
(ca. 10 eq.) is added to ReVII(O)2(apPh)(isqPh) an OAT reaction occurs rapidly producing 
ReV(O)(apPh)(isqPh) which rapidly dimerizes into  Re2V(μ-O)2(apPh)2(isqPh)2. However, 
when a sub stoichiometric amount of PPh3 (0.5 eq.) is added slowly the Re2VI(O)2(μ-
O)(apPh)2(isqPh)2 dimer is produced. This would generate 0.5 equiv of ReV(O)(apPh)(isqPh) 
which could rapidly interact with the remaining ReVII(O)2(apPh)(isqPh) to produce the 
observed dimeric complex. This supports that the ReVII(O)2(apPh)(isqPh) being trapped by 
ReV(O)(apPh)(isqPh) in mechanism (i) of Scheme 5.6 to make Re2VI(O)2(μ-
O)(apPh)2(isqPh)2. This is only one possible mechanism that explains formation of dimer 
and the reaction with PPh3. Mechanism (iii) can be ruled because there is no evidence of 
O2 evolution or generation of ReVI(μ-O)2(apPh)2(isqPh)2. Electron transfer shown in 
mechanism (ii) is downhill by ca. 1 kcal mol–1, so it is just as likely and cannot be ruled 
out. This reaction has not been the topic of a complete study and more experiments are 













The comproportion reaction of ReVI(O)(apPh)(isqPh)Cl and [ReV(O)(apPh)2]– to 
generate Re2V(μ-O)2(apPh)2(isqPh)2 deserves further consideration. There are three 
possible mechanisms, shown in Scheme 5.7, for the generation of Re2V(μ-
O)2(apPh)2(isqPh)2 by mixing ReVI(O)(apPh)(isqPh)Cl and [ReV(O)(apPh)2]–. Mechanism (i) of 
initial Cl– dissociation followed by electron transfer can be ruled out due to the rate of the 
reaction being unaffected by addition of excess Cl– (as 100 eq. [Et4N]Cl) to the reaction 
mixture. ReVI(O)(apPh)(isqPh)Cl is reduced at Epc = –0.59 V and [ReV(O)(apPh)2]– is 
oxidized at Epa = –0.35 V, so initial outer-sphere electron transfer in mechanism (ii) is 
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thermodynamically uphill by ca. 6 kcal mol–1. Independent experiments have shown that 
the resulting electron transfer products ReV(O)(apPh)(isqPh) and [ReV(O)(apPh)(isqPh)Cl]– 







Mechanism (iii) invokes direct attack of the oxo ligand in ReVI(O)(apPh)(isqPh)Cl on 
[ReV(O)(apPh)2]– to initially generate an asymmetric μ-oxo dimer, followed by loss of Cl– 
and collapse of the dimer to generate the second Re–O bond in Re2V(μ-
O)2(apPh)2(isqPh)2. The first step of this proposed mechanism is particularly interesting 
because it too parallels the trapping of oxygenic radicals to generate new Re–O bonds 
discussed in Chapters 2-4. An intriguing consequence of this proposal is that it requires 




5.3.2 Radical Coupling at Oxyl-Like Terminal Oxo Ligands 
The capacity of six-coordinate oxorhenium complexes containing ligand radicals 
to undergo radical coupling at the oxo ligand is revealed by their reactions with PhMe2Si● 
and trityl Ph3C● radicals. As described above, the rhenium and organic products of 
Scheme 5.4 are suggestive of net oxo transfer from ReVI(O)2(μ-O)(apPh)2(isqPh)2 to 
PhMe2Si●. The net source of [Si]● is only formed upon photolysis and high-energy UV 
light is required for the reaction to occur, suggesting that the O–Si bond-forming event 
proceeds through a radical mechanism at the oxo ligand in ReVI(O)2(μ-O)(apPh)2(isqPh)2. 
This would generate a dimethylphenylsiloxide complex [ReV(OSiMe2Ph)(apPh)(isqPh)(μ-
O)ReVI(O)(apPh)(isqPh)] which could likely fragment, facilitated by both steric constraints 
and electronic requirements needed to stabilize the high oxidation state, into the two 
monomers ReVI(O)(OSiMe2Ph)(apPh)(isqPh) and ReV(O)(apPh)(isqPh) where the latter is 
known to rapidly dimerize into Re2V(μ-O)2(apPh)2(isqPh)2 (Scheme 5.8). The 
ReV(O)(OSiMe2Ph)(apPh)(isqPh) monomer would be structural similar to 
ReVI(O)(apPh)(isqPh)(Cl) and it proposed based on molecular ion peaks observed in the 
MALDI-MS that match theoretical isotopic distribution for addition of a [PhMe2Si] 
fragment to a monomeric dioxorhenium core with two aminophenol-derived ligands 
(Figure 5.11). The observation of multiple rhenium and organic products in variable 













Formation of PhMe2SiOH from the putative siloxide complex requires 1 equiv H●, 
but added reductants were not needed to observe PhMe2SiOH. Generation of 
(PhMe2Si)2O could occur by three routes (Scheme 5.9.). One possibility is (a) 
dissociation of the siloxyl radical PhMe2SiO● which is rapidly trapped by another 
molecule of PhMe2Si● generated through photolysis to make the disiloxane. Pathway (b) 
may be a possible side route to the silanol and disiloxane, but it cannot be the major 
pathway due to lack of formation of the Re2V(μ-O)2(apPh)2(isqPh)2 dimer. Pathway (c) 
leads to the correct products and cannot be confirmed or ruled out without a more 
detailed mechanistic study. The multitude of products and lack of yields make it 









The oxyl-like behavior of these types of complexes is further supported by the 
ability of ReVI(O)(apPh)(isqPh)Cl to undergo a radical coupling reaction with trityl Ph3C● at 
the terminal oxo ligand. Similar to the reaction of ReVI(O)2(μ-O)2(apPh)2(isqPh)2 with Si●, 
the products in Scheme 5.5 are consistent with net oxo transfer from 
ReVI(O)(apPh)(isqPh)Cl to Ph3C●. The net product of O atom transfer would produce a 
triphenylmethoxyl Ph3CO● radical which is known to degrade rapidly in solution 
suggesting that a tripenylmethoxide complex, ReV(OCPh3)(apPh)(isqPh)Cl, is formed prior 
to Ph3COH generation. Even though ReV(OCPh3)(apPh)(isqPh)Cl is never observed during 
the course of the reaction it holds remarkable similarities to the dimethylphenylsiloxide 
complex, ReVI(O)(OSiMe2Ph)(apPh)(isqPh), discussed above. 
Two mechanistic possibilities for formation of the putative alkoxide complex are 
shown in Scheme 5.10. The product of electron transfer (ET) from ReVI(O)(apPh)(isqPh)Cl 
to Ph3C● would produce [ReVI(O)(apPh)(isqPh)Cl]– and [Ph3C]+. The anionic complex, 
ReVI(O)(apPh)(isqPh)Cl]–, is known to rapidly dimerize into Re2V(μ-O)2(apPh)2(isqPh)2 which 
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is inert towards [Ph3C]+ therefore making mechanism (i) unlikely unless 
ReVI(O)(apPh)(isqPh)Cl]– is rapidly trapped by [Ph3C]+. Mechanism (ii) of radical trapping 
of Ph3C● by ReVI(O)(apPh)(isqPh)Cl is more reasonable. It is not rare for metal oxo 
complexes to react with carbon radicals to make C–O bonds. For example, Cr(O)2Cl2 
complexes are known to form alkoxide species upon R● addition.42 There is also relevant 
literature supporting a hydroxyl rebound-type mechanism for Ph3CH oxidation that 
produces the C–O bond in Ph3COH by trapping Ph3C● at a M–OH transient.43- 46
 
 
Generation of PH3COH from the alkoxide complex requires 1 equiv H● similar to 







There is a distinctive divergence of reactivity between the closed-shell 
oxorhenium complexes and the “masked” oxyl, oxorhenium complexes containing a 
ligand radical. The closed-shell complexes [ReV(O)(apPh)2]– and [ReVII(O)2(apPh)2]– react 
as typical 2e– O atom acceptors and donors respectively while the “masked” oxyl 
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complexes Re2VI(O)2(μ-O)2(apPh)2(isqPh)2 and ReVI(O)(apPh)(isqPh)(Cl) are poor 
thermodynamic oxo donors evidenced by their inability to oxidize PPh3. However, they 
are able to perform oxygen atom transfer reactions to radical substrates. Although Mayer 
and coworkers have convincingly argued that unpaired spin density at oxygen is not a 
prerequisite for radical R● addition at a terminal oxo group, recent literature reports 
continue to suggest that complexes with ligand free radicals are competently active for 
radical bond-making and bond-breaking reactions at ligands.21-23 In those regards, the O-
Si and O-C bond forming reactions at the oxo ligand described in this chapter are 
unusual radical scavengers in that they are not strong oxidants nor a ground state oxyl 
radicals. 
5.3.3 Common Properties of “Masked” Oxyls Capable of Radical Coupling at a 
Terminal Oxo Ligand 
Comparing the structural and electronic properties of the series of “masked” oxyl 
species that were successful at radical coupling at the terminal oxo ligand to those that 
were not reveals a trend. Of the various types of isolated “masked” oxyls in Table 5.1, 
only ReVI(O)(apPh)(isqPh)(Cl) and Re2VI(O)2(μ-O)(apPh)2(isqPh)2 were reactive towards 
radical coupling at the oxo ligand. Both have a d1, Re(VI) metal center, a terminal oxo 
ligand, and an [isqPh]●– ligand radical trans to the terminal oxo. 
ReVI(O)(apPh)(isqPh)(OC6Cl5) would most likely be capable of radical coupling at the oxo, 
but was not explored due to the lability of the phenoxide ligand. The complexes that 
were unsuccessful at radical coupling reactions are [TpRe(O)(isqPh)]+ which consisted of 
a d2, Re(V) center with a terminal oxo ligand and an [isqPh]●– ligand radical cis to the 
terminal oxo and ReVII(O)2(apPh)(isqPh). The ReVII(O)2(apPh)(isqPh) is very oxidizing and 
unstable is solution. 
It appears that a d1 metal center with a terminal oxo ligand having a trans [isqPh]●– 
ligand radical is required to give oxyl-like character to the oxo ligand. It is unknown why 
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a cis orientation does not work. Both orientations should allow mixing of the [isqPh]●– 
SOMO with the Re≡O π-bond. The trans configuration of the [isqPh]●– ligand allows the 
unpaired electron to be in a π-symmetry orbital that overlaps with the d1xy as well as one 
of the two dxy,yz orbitals used to form the Re≡O π -bonds (Figure 5.9). Perhaps this 
arrangement, which allows for antiferromagnetic coupling, is what drives the complex to 
have oxyl-like behavior. 
In the extreme case of strong intraligand charge transfer the hole is localized on 
the oxo ligand generating an oxyl radical (Figure 5.10.). Both ReVI(O)(apPh)(isqPh)(Cl) and 
Re2VI(O)2(μ-O)(apPh)2(isqPh)2 are not appropriately described as ground state oxyl 
radicals, but it is not unreasonable to expect that the symmetry allowed mixing of the 
orbitals may generate oxyl radical character which gives rise to the observed reactivity. 
Conceivably, the cis configuration in [TpRe(O)(isqPh)]+ may limit the intraligand charge 










Figure 5.10. Qualitative π-bonding MO of (a) ReVI(O)(apPh)(isqPh)(Cl) and (b) with the 




The capacity for ReVI(O)(apPh)(isqPh)(Cl) and Re2VI(O)2(μ-O)(apPh)2(isqPh)2 to 
undergo radical coupling at a terminal oxo ligand has been shown. These two species 
are capable of facile oxo transfer to Ph3C● and PhMe2Si● respectively. This is unusual 
because neither is a strong outer-sphere oxidant or a ground state oxyl radical, and both 
are poor oxo transfer reagents. It is postulated that symmetry allowed mixing of a 
populated Re≡O π -bond with an [isq]●– ligand radical gives rise the oxyl radical 
character. This allows the closed-shell oxo ligands to undergo a net 2e– oxo transfer 
reaction via low barrier radical ligand mediated bond-forming steps. This draws parallels 
to trapping of oxygenic radicals at [ReV(O)(apPh)2]– and its derivatives.  
The ability of [isq]●– ligand radical orbitals to mix with a populated Re≡O π -bond 
shows a new method of making oxyl radicals. Harnessing this intraligand charge transfer 
for radical reactions demonstrates a novel method to utilize redox-active ligands for 
small molecule activation. This strategy holds exciting implications for the design of 
kinetically reactive oxidants to use low barrier radical redox steps in selective 
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multielectron redox transformations to make and break bonds. The results described in 
this chapter lay the foundation and molecular design to develop catalysts capable of 
efficiently making and breaking O–O bonds. 
5.5 Experimental Detail and Supplementary Material 
5.5.1 General Considerations.  
Unless otherwise specified, all manipulations were performed under anaerobic 
conditions using standard vacuum line techniques, or in an inert atmosphere glove box 
under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 300 
spectrometer (300.323 MHz for 1H) at ambient temperature. 11B NMR was acquired on a 
Bruker AMX 400 spectrometer (400.138 MHz for 1H). All chemical shifts are reported in 
parts per million (ppm) relative to TMS, with the residual solvent peak serving as an 
internal reference. UV–visible absorption spectra were acquired using a Varian Cary 50 
spectrophotometer. Unless otherwise noted, all electronic absorption spectra were 
recorded at ambient temperatures. All mass spectra were recorded in the Georgia 
Institute of Technology Bioanalytical Mass Spectrometry Facility. Matrix-assisted laser 
desorption/ionization mass spectrometry was obtained using an Applied Biosystems 
4700 Proteomics Analyzer. All photochemical reactions were carried out with a 150 watt 
Powersun UV mercury vapor bulb purchased from Petsmart with quartz glassware. 
Cyclic voltammetric measurements were made using a CH Instruments CHI620C 
potentiostat in a three component cell consisting of a platinum disk working electrode, a 
platinum wire auxiliary electrode, and a non-aqueous AgPF6/Ag reference electrode. 
Electrochemical data are referenced and reported to Fc+/Fc as an internal standard. 
Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA. All 
analyses were performed in duplicate, and the reported compositions are the average of 





5.5.2 Methods and Materials.  
Anhydrous acetonitrile, dichloromethane, toluene, benzene, and THF solvents for 
air- and moisture-sensitive manipulations were purchased from Sigma-Aldrich and 
further dried by passage through columns of activated alumina, degassed by at least 
three freeze-pump-thaw cycles, and stored under N2 prior to use. Methanol (anhydrous, 
99.0%), was purchased from Honeywell Burdick and Jackson. Acetone (99.8%, extra 
dry) was purchased from Acros. All were used as received. Deuterated acetonitrile 
(CD3CN), toluene (C7D8), benzene (C6D6) and dichloromethane (CD2Cl2) were 
purchased from Cambridge Isotope Laboratories, degassed by three freeze-pump-thaw 
cycles, vacuum distilled from CaH2, and stored under a dry N2 atmosphere prior to use.  
(Et4N)[ReV(O)2(ap)2],22 TpRe(O)(Cl)2,47 47 TpRe(O)(OMe)2,  Re(O)(apPh)(isqPh)(Cl),23 3,5-
di-tert-butylcatecholborane, triphenylmethyl radical,48 triphenylmethyl tetrafluroborate,49
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and dimethylphenylsilylbis(diisopropylamino)borane  were prepared by literature 
methods. All characterization data matched those referenced. All other reagents were 
purchased from Sigma-Aldrich and used as received. 
5.5.3 Synthesis of TpReV(O)(cat). 
 A 20 mL scintillation vial was charged with TpRe(O)(OMe)2 (0.1 g, 0.2 
mmol) and benzene (10 mL). Slow addition of 1M catecholborane in THF (0.2 mL, 0.2 
mmol) and stirring for 1 h afforded a color change from violet to brown. The solvent was 
removed under reduced pressure and the dark residue was dissolved in CH2Cl2 and 
subjected to column chromatography on a silica gel column (230-400 mesh) prepared 
with hexanes. A brown band was eluted as the major product with a CH2Cl2-hexanes 
(70/30) mixture. The solvent was removed under vacuum and TpRe(O)(cat) was isolated 
by precipitation from an ether solution at –50 oC (0.96 g, 87 %).1H NMR (300 MHz, 
CD2Cl2, δ): 8.04 (d, J = 2 Hz, TpH, 2 H); 7.99 (dd, J = 2 Hz, J = 1 Hz, TpH, 2 H); 7.44 
(dd, J = 2 Hz, J = 1 Hz, TpH, 1 H); 7.20 (m, ArH, 2 H); 7.15 (d, J = 2 Hz, TpH, 1 H); 6.81 
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(m, ArH, 2 H); 6.52 (t, J = 2 Hz, TpH, 2 H); 5.91 (t, J = 2 Hz, TpH, 1 H). UV–vis (CH2Cl2) 
λmax, nm (ε, M–1 cm–1): 270 (10,800), 315 (4,500), 385 (sh). MALDI-MS (m/z): 526 [M]+. 
FTIR (ATR): 3147 (vw), 3132 (w), 2496 (w), 1506 (m), 1469 (s), 1408 (s), 1313 (s), 1230 
(vs), 1211 (vs), 1186 (s), 1119 (s), 1099 (s), 1050 (vs), 1017 (m), 994 (m), 964 (vs), 930 
(w), 861 (w), 802 (m), 763 (vs), 745 (vs), 711 (vs), 681 (vs), 651 (vs), 613 (s), 565 (w), 
548 (m), 456 (w). Anal. Calcd for TpRe(O)(cat) C15H14BN6O3Re: C, 34.43; H, 2.70; N, 
16.06; Found: C, 35.02; H, 3.11; N, 15.83.  
5.5.4 Synthesis of TpReV(O)(3,5-tBu2cat). 
Method 1.  A 20 mL scintillation vial was charged with TpRe(O)(OMe)2 (0.1 g, 
0.2 mmol), benzene (10 mL), Et3N (400 µL, 2.9 mmol) and 3,5-di-tert-butylcatechol 
(0.2615 g, 1.2 mmol). The mixture was stirred at room temperature for 3 d at which point 
the solvent was removed under vacuum. The dark residue was dissolved in CH2Cl2 and 
subjected to column chromatography on a silica gel column (230-400 mesh) prepared 
with hexanes. A brown band was eluted as the major product with a CH2Cl2-hexanes 
(70/30) mixture. The solvent was removed under vacuum and TpRe(O)(3,5-tBu2cat)) was 
isolated by precipitation from an ether solution at – 50 oC (0.1378 g, 54 %). Method 2.  A 
20 mL scintillation vial was charged with TpRe(O)(OMe)2 (0.5136 g, 1.1 mmol), Benzene 
(10 mL), and 3,5-di-tert-butylcatecholborane (0.2651 g, 1.2 mmol). The mixture was 
stirred at room temperature for 1 h at which point the solvent was removed under 
vacuum. The dark residue was dissolved in CH2Cl2 and subjected to column 
chromatography on a silica gel column (230-400 mesh) prepared with hexanes. A brown 
band was eluted as the major product with a CH2Cl2-hexanes (70/30) mixture. The 
solvent was removed under vacuum and TpRe(O)(3,5-tBu2cat) was isolated by 
precipitation from an ether solution at –50 oC (0.56 g, 82 %).1H NMR (300 MHz, 
Acetone-d6, δ): 8.28 (t, J = 2 Hz, TpH, 2 H); 8.11 (d, J = 2 Hz, TpH, 1 H); 8.07 (d, J = 2 
 183 
Hz, TpH, 1 H); 7.67 (d, J = 2 Hz, TpH, 1 H); 7.15 (d, J = 2 Hz, TpH, 1 H); 7.10 (d, J = 2 
Hz, ArH, 1 H); 6.85 (d, J = 2 Hz, ArH, 1 H); 6.65 (d, J =  2 Hz, TpH, 1 H); 6.63 (d, J = 2 
Hz, TpH, 1 H); 6.00 (t, J = 2 Hz, TpH, 1 H); 1.44 (s, tBuH, 9 H); 1.35 (s, tBuH, 9 H). UV–
vis (CH2Cl2) λmax, nm (ε, M–1 cm–1): 275 (14,200), 340, (7,000), 405 (sh). MALDI-MS 
(m/z): 636 [M]+. FTIR (ATR): 3118 (vw), 3108 (w), 2896 (w), 1506 (m), 1479 (s), 1407 
(s), 1313 (s), 1234 (vs), 1217 (vs), 1184 (s), 1120 (s), 1095 (s), 1050 (vs), 988 (m), 977 
(vs), 933 (w), 856 (w), 812 (m), 763 (vs), 710 (vs), 663 (vs), 650 (vs), 611 (s), 565 (w), 
550 (m).  Anal. Calcd for TpRe(O)(3,5-tBu2cat) • 0.4 diethyl ether C24.6H34BN6O3.4Re: C, 
44.42; H, 5.15; N, 12.63; Found: C, 44.54; H, 5.06; N, 12.96.  
5.5.5 Synthesis of TpReV(O)(apPh). 
 A 20 mL scintillation vial was charged with TpRe(O)(OMe)2 (0.3006 g, 0.63 
mmol), Benzene (10 mL), Et3N (600 µL, 4.3mmol) and H2apPh (0.6129 g, 2.1 mmol). The 
mixture was heated at reflux for 48 h. The solvent of the resulting brown solution was 
removed under vacuum. The dark residue was dissolved in CH2Cl2 and subjected to 
column chromatography on a silica gel column (230-400 mesh) prepared with hexanes. 
A brown band was eluted as the major product with a CH2Cl2-hexanes (70/30) mixture. 
The solvent was removed under vacuum and TpRe(O)(apPh) was isolated by 
precipitation from an ether solution at – 50 oC (0.1492 g, 33 %). Crystals of X-ray quality 
were grown by slow evaporation of an ether/pentane solution at – 10 oC. 1H NMR (293 
K, 300 MHz, CD2Cl2, δ): 8.02 (d, J = 2 Hz, TpH 1H); 7.86 (d, J = 2 Hz, TpH 1H); 7.78 (d J 
= 2 Hz, TpH 1H); 7.53 (d, J = 2 Hz, TpH 1H); 7.48 (d, J = 2 Hz, TpH 1H); 7.29 (br, NPh, 
4H); 7.07 (t, J = 7Hz, p-NPh, 1H); 6.75 (d, J = 2 Hz, ArH, 1H); 6.68 (d, J = 2 Hz, TpH 
1H); 6.45 (d, J = 2 Hz, ArH, 1H); 6.44 (t, J = 2 Hz, TpH 1H); 6.07 (t, J = 2Hz, TpH 1H); 
6.00 (t, J = 2 Hz, TpH 1H); 1.44 (s, tBu, TpH 9 H); 1.21 (s, tBu, TpH 9H). UV–vis (CH2Cl2) 
λmax, nm (ε, M–1 cm–1): 280 (12,000), 360 (6,500), 430 (sh), 518 (1000). MALDI-MS 
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(m/z): 711 [M]+. FTIR (ATR): 2949 (w), 2901 (w), 2859 (w), 1405 (s), 1391 (m), 1311 (s), 
1213 (s), 1117 (s), 1048 (vs), 988 (vs), 934 (vs), 890 (s), 777 (s), 761 (vs), 715 (vs), 653 
(m), 616 (m), 557 (m). Anal. Calcd for TpRe(O)(apPh)•0.3 Pentane C30.5H38.6BN7O2Re: C, 
50.02; H, 5.31; N, 13.39; Found: C, 49.85; H, 5.36; N, 13.11. 
5.5.6 Synthesis of TpReV(O)(O2C2H4). 
 A 50 mL round bottom flask was charged with TpRe(O)(Cl)2 (0.2507 g, 0.52 
mmol) and dissolved in 25 mL of MeCN. Ethylene glycol (115 µL, 2.0 mmol), and Et3N 
(290 µL, 2.1 mmol) were added and the mixture was heated at reflux for 27 h. The 
solvent was removed under vacuum and the purple residue was taken up in 10 mL 
CH2Cl2. The purple solution was washed with water (3 x 10 mL) and dried over MgSO4. 
The MgSO4 was removed via filtration and the solvent of the filtrate was removed under 
vacuum to leave a blue-purple powder of TpRe(O)(O2C2H4) (0.1638, 66 %). Crystals of 
X-ray quality were grown from a concentrated CH2Cl2 solution. 1H NMR (300 MHz, 
CD2Cl2, δ): 7.93 (d, J = 2 Hz, TpH, 2 H); 7.90 (d, J = 2 Hz, TpH, 2 H); 7.55 (d, J = 2 Hz, 
TpH, 1 H); 7.37 (d, J = 2 Hz, TpH, 1 H); 6.44 (t, J = 2 Hz, TpH, 2 H); 5.97 (t, J = 2 Hz, 
TpH, 1 H); 5.09 (m, OCH2CH2O, 2 H); 4.82 (m, OCH2CH2O, 2 H). UV–vis (CH2Cl2) λmax, 
nm (ε, M–1 cm–1): 280 (60) FAB–MS (m/z): 476 [M]+. FTIR (ATR): 3080 (w), 2857 (w), 
2532 (w), 1504 (m), 1406 (s), 1312 (s), 1207 (s), 1113 (m), 1050 (vs), 1018 (vs), 963 
(vs), 899 (vs), 766 (vs), 714 (s), 677 (m), 651 (vs), 618 (vs), 542 (s). Anal. Calcd for 
TpRe(O)(O2C2H4) C11H14BN6O3Re: C, 27.80; H, 2.97; N, 17.68; Found: C, 28.24; H, 
3.01; N, 17.31. 
5.5.7 Synthesis of [TpReV(O)(isqPh)][BF4]•0.28 CH2Cl2. 
 A 20 mL scintillation vial was charged with TpRe(O)(apPh) (0.4346 g, 0.61 mmol), 
THF (10 mL), and AgBF4 in THF (0.1231 g, 0.63 mmol). The mixture was stirred for 15 h 
at ambient temperature. The solvent was removed under vacuum and the green residue 
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was washed with ether (3 x 5 mL) leaving behind [TpRe(O)(isqPh)][BF4] as a green 
powder (0.3996 g, 82 %). Crystals of X-ray quality were grown by slow diffusion of ether 
into a CH2Cl2 solution of [TpRe(O)(isqPh)][BF4]. UV–vis (CH2Cl2) λmax, nm (ε, M–1 cm–1): 
290 (14,500), 410 (5,300), 610 (1600), 910 (530). ESI-MS (m/z): 711 [M]+. FTIR (ATR): 
3122 (vw), 2958 (vw), 1507 (m), 1485 (m), 1406 (m), 1366 (w), 1315 (m), 1250 (m), 
1213 (s), 1180 (m), 1121 (m), 1050 (vs), 998 (m), 957 (vs), 862 (w), 785 (s), 769 (s), 708 
(s), 649 (s), 615 (s), 542 (w), 520 (w), 506 (w). Anal. Calcd for [TpRe(O)(apPh)][BF4]•0.5 
BF4 C29H35B2.5F6N7O2Re: C, 41.42; H, 4.20; N, 11.66; Found: C, 41.47; H, 4.36; N, 
11.41. 
5.5.8 Synthesis of ReVII(O)2(apPh)(isqPh). 
A 20 mL scintillation vial was charged with [Re(O)2(apPh)2]– (33.3 mg, 0.040 
mmol), Acetone (10 mL), and AgBF4 (8.3 mg, 0.043 mmol). The mixture was allowed to 
warm to room temperature while stirring over 10 min. The resulting green solution was 
filtered through celite. The filtrate was reduced under vacuum to ~2 mL and stored at –
20 oC overnight. Re(O)2(apPh)(isqPh) was collected as a green precipitate via filtration 
(16.2 mg, 50%). MALDI-MS (m/z): 809 [M]+. 
5.5.9 Synthesis of Re2VI(O)2(μ-O)(apPh)2(isqPh)2. 
 A 20 mL scintillation vial was charged with [Re(O)2(apPh)2]– (0.2270 g, 0.24 
mmol), Acetone (10 mL), and AgBF4 (1.1 mL, 0.24 mmol). The mixture was stirred for 15 
h at which point the solvent was removed under vacuum. The dark residue was 
extracted with ether and filtered leaving a white precipitate. The solvent of the purple 
filtrate was removed under vacuum leaving Re2(O)2(μ–O)(apPh)2(isqPh)2 as a purple 
powder (0.165 g, 43 %). Crystals of X-ray quality were grown by slow evaporation of an 
acetonitrile solution at –20 oC. MALDI-MS (m/z): 1602 [M]+. Anal. Calcd for Re2VI(O)2(μ-
O)(apPh)2(isqPh)2•0.8 BF4, CH3CN C82H103B0.8F3.2N5O7Re2: C, 57.51; H, 6.06; N, 4.09; 
Found: C, 57.31; H, 7.07; N, 3.96. 
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5.5.10 Synthesis of ReV(Cl)2(apPh)(isqPh). 
Method 1. A 50 mL flask with a Kontes brand high-vacuum PTFE valve was 
charged with [Re(O)(apPh)2]– (0.4841 g, 0.524 mmol) and CH2Cl2 (25 mL). Me3SiCl (160 
μL, 1.26 mmol) was added to afford a red-orange solution. The flask was sealed and 
immersed in a silicone fluid bath at 65 oC for 3 h to yield a clear, dark maroon solution, 
then cooled to ambient temperature. The mixture was exposed to air and the solvent 
removed under reduced pressure. The residue was dissolved in CH2Cl2 (2 mL) and 
subjected to column chromatography on a silica gel column (230-400 mesh) prepared 
with hexanes.  A dark maroon band was eluted as the major fraction (1st) with CH2Cl2. 
Solvent removal from the eluate afforded Re(Cl)2(apPh)(isqPh) as a maroon powder 
(0.3987 g, 90 %). Single crystals of X-ray quality were grown from slow evaporation of a 
CH2Cl2 solution. Method 2. To a CH2Cl2 (10 mL) solution of [Re(O)2(apPh)2]– (33.4 mg, 
0.036 mmol) in a 20-dram scintillation vial was added excess aqueous HCl (5 mL, 0.1M). 
The reaction mixture was stirred vigorously at ambient temperature for 24 h. The mixture 
was washed with H2O (3 x 5 mL) and dried over MgSO4. Filtration followed by solvent 
removal of the filtrate afforded Re(Cl)2(apPh)(isqPh) as a maroon powder (19.2 mg, 63 %). 
UV–vis (CH2Cl2) λmax, nm (ε, M–1 cm–1): 264 (18,800), 385 (8,100), 490 (29,300). MALDI-
MS(m/z): 847 [M]+. FTIR (ATR): 2951 (s), 2904 (m), 2865 (m), 1585 (m), 1540 (m), 1485 
(vs), 1454 (vs), 1393 (w), 1361 (vs), 1305 (w), 1251 (vs), 1231 (m), 1199 (m), 1164 (m), 
1109 (w), 1074 (w), 1025 (m), 997 (m), 912 (m), 864 (m), 828 (w), 768 (vs), 735 (vs), 
706 (vs), 651 (m), 604 (m), 543 (m), 497 (s), 399 (m). Anal. Calcd for C40H50Cl2N2O2Re: 
C, 56.66; H, 5.94; N, 3.30; Found: C, 56.52; H, 6.28; N, 3.27. 
5.5.11  Radical Coupling with Dimethylphenylsilylbis(diisopropylamino)borane. 
In a representative procedure a 20-dram vial was charged with Re(O)2(μ–
O)(apPh)2(isqPh)2 (24.6 mg, 0.015 mmol) and benzene (2 mL). 
Dimethylphenylsilylbis(diisopropylamino)borane (12.2 mg, 0.035 mmol) was added and 
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the mixture was transferred to a quartz J. Young brand NMR tube with a Teflon screw 
cap. The sample was irradiated with UV radiation for 5 h. A 1 mL aliquot of the reaction 
mixture was transferred to a 2 mL GC autosampler vial and analyzed via GC-MS to 
determine the organic product distribution and MALDI-MS. 
5.5.12 Radical Coupling with Triphenylmethyl Radical. 
In a representative procedure a 20-dram vial was charged with 
ReVI(O)(apPH)(isqPh)(Cl) (78.5 mg, 0.1 mmol) and benzene (10 mL). Ph3C● in benzene 
(0.0725 M, 700 μL, 0.1 mmol Ph3C●) was added. The vial was wrapped in Al foil and the 
reaction mixture was stirred at ambient temperature for 1 week. The presence of 
Ph3COH (0.066 mmol, 69 % based on initial [Re]) was verified via GC-MS. The solvent 
was removed under vacuum and the dark residue was washed with MeCN (3 x 5 mL) to 
give a red-purple solution and a dark precipitate of Re2(μ-O)2(apPh)2(isqPh)2 (28.5 mg, 
0.018 mmol) which was collected via filtration. The red-purple solution was subjected to 
column chromatography on a silica gel column (230-400 mesh) prepared with hexanes. 
A dark purple band was eluted as the 1st fraction with a CH2Cl2/hexanes mixture (70/30). 
Solvent removal from the eluate followed by freeze drying from a benzene solution 
afforded ReVI(O)(apPh)(isqPh)(Cl) (22.9 mg, 0.028 mmol). A maroon band was eluted as 
the 2nd fraction using CH2Cl2. Solvent removal from the eluate under reduced pressure 
gave a dark maroon powder consisting of Re(Cl)2(apPh)(isqPh) (22.9, 0.027). 
5.5.13 X-ray Crystallography. 
Crystals of TpReV(O)(apPh), [TpReV(O)(isqPh)][BF4]•0.28 CH2Cl2, 
TpReV(O)(OH2CH2O), and Re2VI(O)2(μ-O)(apPh)2(isqPh)2 suitable for X-ray diffraction 
analysis were coated with Paratone N oil, suspended on a small fiber loop and placed in 
a cooled nitrogen stream at 173 K on Bruker D8 APEX II CCD sealed tube 
diffractometer. Data were collected using graphite monochromated Mo Kα (λ = 0.71073 
Å) radiation. Data were measured using a series of combinations of phi and omega 
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scans with 10 s fame exposures and 0.5o frame widths. Data collection, indexing and 
initial cell refinements were done using APEX II software.50 Frame integration and final 
cell refinements were done using SAINT software.51 The structures were solved using 
direct methods and difference Fourier techniques using the SHELXTL program package, 
V6.12. Hydrogen atoms were placed in their expected chemical positions using the HFIX 
command and were included in the final cycles of least squares with isotropic Uij’s 
related to the atoms ridden upon. All non-hydrogen atoms were refined anisotropically 
except for C2S in ReV(Cl)2(apPh)(isqPh)•0.66 CH2Cl2. Scattering factors and anomalous 
dispersion corrections are taken from the International Tables for X-Ray 
Crystallography.52
 
 Other details of data collection and structure refinement are provided 















Table 5.3. Crystallographic Data and Structure Parameters for TpReV(O)(apPh), 
[TpReV(O)(isqPh)][BF4]•0.28 CH2Cl2, and TpReV(O)(O2(CH2)2). 
 
Complex TpRe(O)(apPh) [TpRe(O)(isqPh)][BF4] TpRe(O)(O2(CH2)2) 
Empirical formula  C29H35BN7O2Re C29.28H35.56B2Cl0.56F4N7 O2Re C11H14BN6O3Re 
Formula weight  710.65 821.24 475.29 
Temperature  173(2) K 173(2) K 173(2) K 
Crystal system  Monoclinic Orthorhombic Orthorhombic 
Space group  P2(1)/c Iba2 Iba2 
Unit cell dimensions 
  
 
a (Å) 12.425(7) 15.26(2) 15.7088(18) 
b (Å) 14.267(9) 19.41(3) 16.6032(19) 
c (Å) 17.487(10) 21.91(3) 12.9355(15) 
α (°) 90 90 90 
β (°) 108.094(10) 90 90 
γ (°) 90 90 90 
V (Å3) 2947(3)  6488(15)  3373.8(7) 
Z 4 8 8 
Dcalc (g cm–1) 1.602 1.681 1.871 
Absorption coefficient (mm–1) 4.162 3.854 14.272 
Crystal size (mm) 
0.18 x 0.08 x 
0.05 0.27 x 0.13 x 0.06  0.28 x 0.07 x 0.03  
θ  range for data collection (°) 1.72-29.57 1.86-27.87 3.87-66.24 
Index ranges -17 ≤ h ≤ 17 -20 ≤ h ≤ 20 -18 ≤ h ≤ 18 
 
-19 ≤ k ≤ 19 -25 ≤ k ≤ 25 -19 ≤ k ≤ 18 
 
-24 ≤ l ≤ 24 -28≤ l ≤ 28 -15 ≤ l ≤ 14 
Reflections collected/unique 55042 53154 11450 
Goodness of fit on F2 1.002 1.052 1.021 
R [I > 2σ(I)] 0.0547 0.0587 0.0341 










Table 5.4. Crystallographic Data and Structure Parameters for 
[ReV(Cl)2(apPh)(isqPh)]•0.65 CH2Cl2 and [Re2VI(O)2(μ-O)(apPh)2(isqPh)2]•0.5CH3CN. 
 
Complex ReV(Cl)2(apPh)(isqPh) Re2VI(O)2(μ-O)(apPh)2(isqPh)2 
Empirical formula  C40.65H51.3Cl3.3N2O2Re C81H101.5N4.5O7Re2 
Formula weight  903.12 1632.14 
Temperature  173(2) K 173(2) K 
Crystal system  Monoclinic Triclinic 
Space group  P2(1)/c P-1 
Unit cell dimensions 
  a (Å) 10.5294(15) 13.979(3) 
b (Å) 40.534(6) 21.762(4) 
c (Å) 10.4408(15) 26.405(5) 
α (°) 90 84.897(3) 
β (°) 107.828(2) 83.355(3) 
γ (°) 90 77.683(3) 
V (Å3) 4242.1(10) 7778(3) 
Z 4 4 
Dcalc (g cm–1) 1.414 1.394 
Absorption coefficient (mm–1) 3.106 3.164 
Crystal size (mm) 0.40 x 0.23 x 0.08 0.29 x 0.26 x 0.13  
θ  range for data collection (°) 2.01-32.55 1.19-29.34 
Index ranges -15 ≤ h ≤ 15 -19 ≤ h ≤ 19 
 
-59 ≤ k ≤ 60 -29 ≤ k ≤ 30 
 
-15 ≤ l ≤ 15 -36≤ l ≤ 36 
Reflections collected/unique 91051 147107 
Goodness of fit on F2 1.13 1.025 
R [I > 2σ(I)] 0.0549 0.0423 











Figure 5.11. (a) Theoretical splitting pattern for ReVI(O)(OSiMe2Ph)(apPh)(isqPh) and (b) 
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Chapter 6 
Conclusions and Future Directions 
6.1 Conclusions and Summary 
Orthogonalizing 1e– and 2e– redox at high-valent oxorhenium centers by the 
utilization of radical ligands opens novel avenues for control of low barrier redox 
transformation of small molecule substrates. This is accomplished through coordination 
to redox-active ligands. A key aspect of all of this chemistry is the ability of the redox-
active ligands to mediate single electron oxidation state changes at oxorhenium centers 
that are not generally prone to 1e– or radical reactivity without perturbing the metal-
centered 2e– oxo transfer process. More specifically, the ligand radicals are able to 
facilitate radical-like reactivity at distal sites in the same molecule. This has lead to new 
methods of forming Re–X and O–R bonds using radical reagents such as O2, TEMPO●, 
Ph3C●, and PhMe2Si●. 
We believe radical ligands to be important in facilitating radical-like bond-forming 
reactions at distal sites within the same molecule, specifically at a terminal oxo ligand to 
provide oxyl like character. This has relevance towards the RC hypothesis of water 
oxidation where two metal oxyl fragments combine to form a new O–O bond. Therefore, 
the most important future avenues for research will focus on elaborating the capacity of 
redox-active ligand radicals to effect oxyl like reactions. 
6.2 Future Directions 
The oxorhenium complexes discussed in this thesis have two significant 
problems related to bimetallic RC O-O bond formation. 1) Our studies of O2 homolysis 
show that the microscopic reverse reaction of O2 assembly is prohibitively uphill. 
Oxorhenium(V) complexes containing redox-active ligands produce dioxorhenium(VII) 
complexes with O2 addition. The new Re=O bond is substantially strong with a BDE of 
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118 ± 15 kcal mol–1, therefore coupling of two Re=O to make an O–O bond is 
thermodynamically unfavorable. 2) Radical coupling of two monomeric metal oxyls is 
statistically unlikely. Metal oxyls are predicted to be extremely reactive and would most 
likely deactivate through unwanted radical side reactions before coming into contact with 
another metal oxyl fragment.  
Future investigations would involve overcoming the above two challenges. One 
such solution for the former would be to use metal centers that can maintain the kinetic 
1e– pathway from coordination to redox-active ligands, but invert the thermodynamics by 
producing weaker and more thermodynamically reactive M=O bonds. For example, as 
discussed in chapter 1 iron, ruthenium, and iridium would be well suited towards this 
goal by utilizing the molecular design criteria developed in this thesis: utilizing redox-
active ligands to store and deliver electron equivalents at distal site in the same 
molecule. The second challenge will require the development of dinuclear metal 
complexes containing redox-active ligands. Future investigations would involve 
generation of ligands capable of coordinating two metals simultaneously, thereby 
orienting the terminal oxo ligands in a cofacial arrangement to facilitate O–O bond 
formation. This category of ligands has been termed “pacman” ligands and there is 
relevant literature that supports the development of these types of complexes.1- 3
Another interesting area of investigation involves the activation of kinetically inert 
small molecules. It would be of interest to see if the strategy of orthogonalizing 1e– and 
2e– redox at oxorhenium centers to activate O2 and TEMPO● is transferable to other 
systems. Would it be possible for these types of complexes to access low barrier radical 
redox steps in selective multielectron transformations of other radical or kinetically inert 
small molecules? One such example would be the deoxygenation of nitrous oxide to 
 The 
most exciting and important outcome, if the above challenges can be overcome, would 
be the development of a superior electrocatalytic water oxidation catalyst. 
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produce a metal oxo. Analogous to enzymatic O2 activation discussed in Chapter 2, 
activation of N2O is believed to proceed via a similar bimetallic pathway through a series 
of single-electron steps.4
While the above only list a few examples of the possibilities for future 
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Catalytic Aerobic Alcohol Oxidation by Oxorhenium Complexes 
Containing Redox-Active Ligands 
A.1 Introduction 
The selective oxidation of alcohols plays vital roles in organic syntheses in 
laboratories as well as chemical industries. Alcohol oxidation is capable of producing a 
range of useful products such as aldehydes, ketones, and carboxylic acids for use in 
pharmaceuticals, agriculture, and fine chemicals.1- 2 Stoichiometric oxygen donors such 
as chromate or permanganate are typically utilized, but these reagents are expensive 
and have serious toxicity issues associated with them.1,4- 7 Molecular oxygen would be 
the ideal terminal oxidant as it is abundant and cheap, and if reduced completely to 
water, generates environmentally benign coproducts. However, the preference for 
unselective radical reactions and its kinetic inertness make the use of O2 as an oxidant 
challenging.8
Transition metal oxos are typically employed to impart selective, partial oxidation 
of alcohols, among many others.1
 
34 Unfortunately, these reactions tend to be carried out 
under stoichiometric conditions. The generation of metal oxos from O2 would provide an 
ideal route to the catalytic aerobic oxidation of alcohols (Scheme A.1). While the use of 
O2 as a transition metal mediated oxidant is not unheard of,9- 22
8
 its large overpotential 
and tendency to generate highly oxidizing species upon partial reduction highlight 
challenges of utilizing O2 as a terminal oxidant.  The features that engender O2 
activation are not readily transferable to other oxidation systems. We have recently 
reported on the chemical features that promote selective O2 reduction which provides 











Exposure of a methanolic solution of [Et4N][Re(O)(cat)2] (1) to air gives a color 
change from green to bright blue (IB) in ca. 100 min which slowly converts to a bright 
purple solution containing [Et4N][Re(O)2(cat)2] (2) over 50 h (Figure A.1). The aerobic 
oxidation of 1 to produce 2 in MeOH at UV-vis concentrations occurs with a 30% 
spectroscopic yield suggesting that significant decomposition occurs during the reaction 
in MeOH. However, when the reaction is performed at higher concentrations and 






Figure A.1. (a) UV-vis absorption spectra for a reaction of 4.5 × 10–4 M 1 (green line) 
with 1 atm air in MeOH at 25 °C to generate blue intermediate IB (blue line) in 100 min 
and 2 (purple line) in 3000 min. (b) Time-resolved data for the formation and decay of IB 
with λ at 600 nm (blue □).  
 
 
When 1 eq. of 1 dissolved in MeOH was added to a solution of 2 in MeOH under 
N2, the purple solution rapidly turned bright blue producing a UV-vis spectrum identical to 
that in the reaction of 1 with air in MeOH. Over the course of days the blue solution 
gradually became a pale green that was identified as 1 by 1H NMR spectroscopy. When 
1 and 2 are mixed in MeCN, THF, DMSO or CH2Cl2, no color change is observed 
indicating that MeOH is an essential component. At constant concentrations of 2, the 
yield of blue in MeOH seemed to be independent of 1, only the rate of formation of IB 





   
Figure A.2. (a) Plot showing maximum absorbance for a reaction of 1.5 × 10–4 M 2 and 
variable concentrations of 1, and (b) ratio of absorbance after 300 s compared to Absmax 
at 600nm in MeOH at 25 °C 
 
 
If the sum of the concentrations 1+2 was constant, the yield of blue only increased with 2 
while the rate of formation increased with 1, suggesting that IB is only a function of [2] but 





Figure A.3. (a) Plot of maximum absorbance at 600 nm (IB) for a reaction of 4.0 × 10–4 M 
total [Re] with variable ratios of 1 and 2, and (b) rate of IB formation as a function of [1] in 
MeOH at 25 °C. 
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When 10 mol% of 1 were added to a benzyl alcohol (BnOH) solution of 2 under 
N2, a color change from purple to green was produced over 1 hour at ambient 
temperature. Analysis of the green solution by 1H NMR shows 1 as the only metal 
containing product and integration of the 1H NMR resonances shows quantitative 
formation of 1 from 2. Analysis of the same reaction mixture by GC-MS shows formation 
of benzaldehyde (PhCHO) as the only organic product in 58% yield (Table A.1).  
NMR tubes containing 2, 0.1 eq. 1, and 5 eq. BnOH in MeOH-d4 under N2 rapidly 
produce a blue solution that slowly fades to a pale green over days at ambient 
temperature. During the course of the reaction, new signals appear in the aromatic 
region at 6.74 ppm and 6.41 ppm that do not match 1 or 2 and cannot be assigned. In 
addition, a peak at 10.0 ppm was observed and corresponds to the formation of PhCHO. 
Integration of the PhCHO and 1 resonances indicate that ca. 0.5 eq. of aldehyde vs. 
metal and 50% 1 are formed. The remaining 50% of metal containing product can be 
accounted for by formation of [ReO4]-  as evidenced by a peak at m/z 250 in the ESI-MS, 
and roughly 50% free ligand evidenced by peaks in the 1H-NMR at 6.64 ppm and 6.55 
ppm. To verify that these decomposition products are not the active species in alcohol 
oxidation, mixtures of [ReO4]–, [ReO4]– + 1, and [ReO4]– + 2 were dissolved in BnOH and 
MeOH, separately. Analyses of these mixtures by NMR, GC-MS, and UV-vis show no 
aldehyde production or formation of a blue intermediate within 15 h, respectively. This 
supports the hypothesis that the alcohol oxidation is a result from the intact metal 
complexes and not from highly oxidizing decomposition products, such as [ReO4]–, 
produced during the reaction.  
Since a blue solution of 2 and 0.1 eq. 1 in MeOH can be instantaneously 
quenched by the addition of excess BnOH, it is assumed that IB is the active catalyst 




We have previously reported on the ability of oxorhenium(V) complexes 
containing redox-active ligands to homolytically cleave dioxygen producing 
dioxorhenium(VII) complexes. The ability of these oxorhenium complexes to activate O2 
allows for the development of an aerobic alcohol oxidation catalyst. When a BnOH 
solution of 1 was stirred under 1 atm of air at ambient temperature, a slow color change 
from pale green to dark purple was observed. Analysis of the reaction mixture by 1H 
NMR after 24 h showed complete consumption of 1 while analysis of the same reaction 
mixture by GC-MS showed production of PhCHO in 120 % yield vs. metal. This is 
roughly double the yield compared to stoichiometric conditions indicating that there is a 
small amount of turnover (Table A.1). 
The low yield and presence of oxidized decomposition products suggest that the 
yield and rate of alcohol oxidation may be sensitive to substitution of the redox-active 
ligand. When 10 mol% of [Re(O)(OPPh3)(Br4cat)2]- (3) was added to a BnOH solution of 
[Re(O)2(Br4cat)2]- (4) under N2 a color change from dark purple to pale green was 
produced over 1.5 hours at ambient temperature. Analysis of the green solution by UV-
vis and FAB-MS shows complete consumption of 4. Analysis of the same reaction 
mixture by GC-MS shows formation of PhCHO as the only organic product in 93 % yield 
(Table A.1). When the reaction was performed under the catalytic conditions described 
earlier, PhCHO was produced in 720% yield vs. metal, over 1 week, indicating a 
significant increase in turnover. When base was added to the reaction at catalytic 
conditions, the yield vs. metal can be significantly increased, suggesting that base 
stabilizes certain species during the oxidation process which leads to higher turnover 






Table A.1. Oxidation of BnOH to PhCHO by oxorhenium complexes. 
ReV (mM) ReVII (mM) ligand substrate conditions GC yield (%) TON 
1 9.4 cat2- BnOH N2 58 n/a 
8.8 0 cat2- BnOH air 120 1 
0.09 9.4 Br4cat2- BnOH N2 93 n/a 
8.4 0 Br4cat2- BnOH air 726 7 
 
 
Table A.2. Catalytic oxidation of BnOH to PhCHO by [Re(O)(cat)2]- in the presence of 
base. 
 
ReV (mM) equiv BnONa time (h) GC yield (%) TON 
4.3 0 27 130 1 
4.0 1 21 420 4 
4.3 17 27 510 5 
4.0 89 21 1390 13 
 
 
The formation of IB was investigated via UV-vis spectrometry starting with a pure 
solution of 2 by pre-treatment with 0.2 equiv pyridine-N-oxide to oxidize small quantities 
of 1 present in 2.40 The pure solution of 2 was then treated with base or 1 which leads to 
a faster formation of IB, whereas the increase in kinetics was larger when 1 was added 






Figure A.4. Time-resolved data for the formation and decay of IB in reactions of 3.6 × 
10–4 M 2 with 0.2 equiv pyridine oxide (●), 20 equiv LiMeOH (■), and 1 equiv 1 (▲) in 




The formation of a similar blue species is also achieved by a combination of 
(Et4N)[ReVII(O)2(tBu2cat)2] and (Et4N)[ReV(O)(tBu2cat)2] in MeOH which eventually yields 
a pale green solution after 1 day. Analysis of the green solution by 1H NMR reveals the 
formation of (Et4N)[ReV(O)(tBu2cat)2]. A combination of 3 and 4 in MeOH does not 
generate a blue solution within 24 hours. 
The catalytic oxidation of phenylethanol and benzylamine by 1 leads to the 
formation of acetophenone and benzaldehyde, respectively (observed qualitatively by 
GC-MS). This expands the substrate range to include secondary alcohols, although the 
relative reaction rate increases to seven days compared to hours with BnOH.  
A.3 Discussion 
High-valent rhenium complexes have been shown to be effective alcohol 
oxidation catalyst.24- 29 However, they are typically limited by the use of stoichiometric 
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co-oxidants such as H2O2 or PhIO to generate the oxidizing oxorhenium or 
peroxorhenium species.24-28 The use of molecular oxygen would be the ideal co-oxidant, 
but high-valent oxorhenium(V) complexes are usually inert towards O2 due to the 
electronic requirements of dioxygen activation. Activation of molecular oxygen is a 4e– 
process that is typically carried out by multiple single electron steps. This would require 
a 1e– oxidation of oxorhenium(V) to oxorhenium(VI), but oxorhenium(VI) complexes are 
extremely rare compared to their d0/d2 counterparts. The use of redox-active ligands 
provides a 1e– pathway that does not require the formation of unfavorable d1, 
oxorhenium(VI) complexes. This provides a methodology for utilizing O2 as a co-oxidant 
for catalytic alcohol oxidations. 
A.3.1 Mechanistic Insights 
 Redox-active ligands facilitate O2 homolysis by providing a lower energy pathway 
consisting of multiple 1e– events necessary to overcome the kinetic barrier of triplet 
oxygen. Bimetallic homolysis of O2 by oxorhenium(V) complexes containing redox-active 
ligands produces dioxorhenium(VII) complexes. A mixture of oxorhenium(V) and 
dioxorhenium(VII) in the presence of alcohols produce an oxidizing species that is 
capable of selectively oxidizing primary alcohols to their corresponding aldehydes and 
converting the dioxorhenium(VII) to oxorhenium(V) completing the catalytic cycle. 
The oxorhenium(V) complexes are five-coordinate and therefore contain an open 
site for coordination of a 6th ligand. There is relevant literature showing the ability of five-
coordinate oxorhenium(V) complexes containing redox-active catechol ligands to 
coordinate a MeOH molecule in its empty coordination site. It is conceivable that this 
MeOH ligand can hydrogen bond to a catechol-oxygen of [ReVII(O)2(cat)2]– forming a 
close contact, leading to a methanol transfer to the dioxo and the formation of the active 
species IB.30 This hypothesis has been supported from previously reported, isolated 
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dinuclear rhenium complexes that are bridged by Lewis bases and/or hydrogen bonding 
interactions.31- 35
The absorption at 600 nm is only dependent on the concentration of 1 which 
suggests that IB only derives from [ReVII(O)2(cat)2]–. Since the formation of IB is faster 
with higher concentrations of 1, it seems that [ReV(O)(cat)2]–  is only a catalyst to form IB 
but itself is not part of the active, oxidizing species. In the absence of an easily 
oxidizable alcohol, IB decomposes to perrhenates and 1 (Scheme A.2).  If the reaction is 
carried out in benzyl alcohol, 1 transfers BnOH instead of MeOH which leads to a seven-






















The seven-coordinate hydroxo-alkoxo Re(VII) species oxidizes BnOH to PhCHO 
generating H2O and 1, although production of water has yet to be confirmed. Oxidation 
by O2 to form 2 completes the catalytic cycle. The higher turnover numbers with the 
presence of base can be explained by faster formation of the alkoxo species. The 
addition of the more nucleophilic BnO–, which might also be pre-coordinated by 
[ReV(O)(cat)2]– , leads to a faster formation of the active complex (Scheme A.4). If the 
decomposition pathway is significantly slower than oxidation to aldehyde, then catalytic 












A.3.2 Ligand Effects on Alcohol Oxidation. 
The presence of non-alcohol derived products during the course of the reaction 
suggests that the oxidizing system should be tunable based on the redox potential of the 
redox-active ligands. Substitution of the [cat]2– ligands with the harder to oxidize, 
electron poor [Br4cat]2– ligand gave a decrease in oxidized, decomposition products 
which lead to a near quantitative yield of aldehyde formation (Table A.1). The two 
oxorhenium complexes Containing [cat]2– or [Br4cat]2– ligands oxidize BnOH at the same 
relative rate, 75 ± 15 min.  
The redox potential of the redox-active ligand appears to have negligible effect 
on the relative rate of alcohol oxidation, but ligands with higher redox potentials make a 
more robust catalyst that is less susceptible to unwanted degradative oxidations and 
thus provides a higher yield of aldehyde formation. However, the same trait that enables 
such high yields of aldehyde and robustness also provides catalytic limitations. The 
relative rates of alcohol oxidation of the two complexes are nearly identical which 
suggest that the catalytic limiting factor is the reaction with dioxygen to produce 
dioxorhenium(VII). The rate-limiting step appears to change based on the nature of the 
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ligand utilized. When the [cat]2– ligand is used the rate determining step appears to be 
alcohol oxidation. Complex 1 reacts rapidly with O2 and deactivates itself by converting 
every molecule of 1 to 2 and cannot form the active species fast enough compared to 
degradation necessary for alcohol oxidation. On the other hand, complex 3 reacts slowly 
with O2 and therefore takes extended reaction times for catalytic oxidation. The catalytic 
oxidation of secondary alcohols by 1 also led to the respective carbonyl compounds but 
at much slower rates than for primary substrates. This suggests that with increased 
steric bulk of the substrates the kinetics of the oxidation decrease due to steric 
hindrance.   
A.4 Conclusion 
In sum, high-valent oxorhenium(V) and dioxorhenium(VII) complexes containing 
redox-active ligands afford selective oxidation of BnOH to PhCHO. The oxidizing species 
is an hydroxo-alkoxo rhenium(VII) complex formed by alcohol transfer from 
oxorhenium(V) to dioxorhenium(VII). The ability of five-coordinate oxorhenium(V) 
complexes containing redox-active ligands to activate dioxygen to produce 
dioxorhenium(VII) bestows the means for selective, catalytic aerobic oxidation of 
alcohols. The redox potentials of the various redox-active ligands provide a means for 
fine tuning of selective alcohol oxidation by matching the rate of O2 activation to the rate 
of the alcohol oxidation. 
A.5 Experimental Details and Supplementary Material 
A.5.1 General Considerations 
Unless otherwise specified, all manipulations were performed under anaerobic 
conditions using standard vacuum line techniques, or in an inert atmosphere glove box 
under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 300 
spectrometer (300.323 MHz for 1H). All chemical shifts are reported in parts per million 
(ppm) relative to TMS, with the residual solvent peak serving as an internal reference. 
-211- 
 
UV-visible absorption spectra were acquired using a Varian Cary 50 spectrophotometer. 
Unless otherwise noted, all electronic absorption spectra were recorded at ambient 
temperatures in 1 cm quartz cells. All mass spectra were recorded in the Georgia 
Institute of Technology Bioanalytical Mass Spectrometry Facility. Electrospray ionization 
mass spectrometry (ESI-MS) was carried out with acetonitrile solutions using a 
Micromass Quattro LC spectrometer. Fast atom bombardment mass spectra (FAB-MS) 
were acquired in the negative mode on a VG Instruments 70-SE spectrometer. GC-MS 
was performed on GC-HP5890 using a J&W-DB-5 column (30 m x 0.25 mm) equipped 
with a VG instruments model 70-SE electron impact mass spectrometer.  
A.5.2 Methods and Materials 
Anhydrous acetonitrile (MeCN), dichloromethane, and pentane solvents for air- 
and moisture-sensitive manipulations were purchased from Sigma-Aldrich and further 
dried by passage through columns of activated alumina, degassed by at least three 
freeze-pump-thaw cycles, and stored under N2 prior to use. Methanol (anhydrous, 
99.0%), was purchased from Honeywell Burdick and Jackson. Ethanol (anhydrous, 200 
proof, 99.5%), was purchased from Sigma-Aldrich. Acetone (99.8%, extra dry) was 
purchased from Acros. All were used as received. Deuterated acetonitrile (MeCN-d3), 
dichloromethane (CD2Cl2), and methanol (MeOH-d4) were purchased from Cambridge 
Isotope Laboratories, degassed by three freeze-pump-thaw cycles, vacuum distilled from 









(Et4N)[Re(O)2(tBu2cat)2]  were prepared by literature methods. All characterization data 
matched those referenced. All other reagents were purchased from Sigma-Aldrich and 




A.5.3 Reactions with Dioxygen in MeOH 
A 1.0 cm quartz cuvette fitted with a Kontes brand high-vacuum PTFE valve was 
charged with 2.0 mL of a 4.5 × 10-4 M solution of 1 in MeOH and sealed under N2. The 
solution was degassed on a high-vacuum line by three freeze-pump-thaw cycles and an 
initial spectrum was acquired. The cuvette was then backfilled with 1 atm of air, shaken 
vigorously, placed in a Peltier UV-vis cell holder with a magnetic stirrer, and stirred to 
maintain a constant concentration of dissolved O2 throughout the reaction. The reaction 
progress was monitored by UV-vis spectroscopy (200-900 nm) for 3000 min at 5 min 
intervals. For NMR kinetics studies, a J. Young brand NMR tube with a Teflon screw cap 
was used in place of the sealable cuvette. 
A.5.4 Formation of IB With Constant 2 and Variable 1 
A 1.0 cm quartz cuvette fitted with a Kontes brand high-vacuum PTFE valve was 
charged with 2.2 mL of [ReVII(O)2(cat)2]– (1.5 × 10-4 M) and [ReV(O)(cat)2]– (0.2-2.4 × 10-4 
M) in MeOH and sealed under N2. The cuvette was shaken vigorously and placed in a 
Peltier UV-vis cell holder. The reaction progress was monitored by UV-vis spectroscopy 
(300-1000 nm) at 2 min intervals. 
A.5.5 Formation of IB With Constant [Re] 
A 1.0 cm quartz cuvette fitted with a Kontes brand high-vacuum PTFE valve was 
charged with 2.2 mL of [ReVII(O)2(cat)2]– (0.7-3.1 × 10-4 M) and [ReV(O)(cat)2]– (0.9-3.3 × 
10-4 M) in MeOH to give a total metal concentration of 4 × 10-4 M and sealed under N2. 
The cuvette was shaken vigorously and placed in a Peltier UV-vis cell holder. The 
reaction progress was monitored by UV-vis spectroscopy (300-1000 nm) at 2 min 
intervals. 
A.5.6 Formation of IB From Pure Solution of 2 
A 1.0 cm quartz cuvette fitted with a Kontes brand high-vacuum PTFE valve was 
charged with 2.2 mL of a 3.6 × 10-4 M solution of 2 and pyridine oxide (0.7 × 10-4 M) in 
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MeOH and sealed under N2. The experiment was repeated with LiOMe (7.1 × 10-3 M), 
and again with [ReV(O)(cat)2]– (3.6 × 10-4 M). The cuvette was shaken vigorously and 
placed in a Peltier UV-vis cell holder. The reaction progress was monitored by UV-vis 
spectroscopy (300-1000 nm) for 95 min at 5 min intervals. 
A.5.7 Stoichiometric Alcohol Oxidation 
 In a representative procedure, a 20-mL scintillation vial was charged with 4 mL of 
a 12.1 mM solution of 2 and 1 mL of a 5 mM solution of 1 in BnOH to give a final 
concentration of 9.4 mM and 1.0 mM respectively. The reaction mixture was stirred at 
ambient temperature for 15 h. For GC-MS analysis an aliquot was transferred to a 1.5 
mL screw top vial, sealed under N2 with a screw cap with a septum top, and injected 
directly into the gas chromatograph. For NMR analysis, the same reactants were 
combined in a J. Young brand NMR tube with a Teflon screw cap, using MeOH-d4 as 
the solvent. The reaction was monitored over 48 h. 
A.5.8 Catalytic Alcohol Oxidation 
 In a representative procedure, a 20-mL scintillation vial was charged with 5 mL of 
a 8.8 mM solution of 1 in BnOH and stirred under 1 atm of air for 15 h. For GC-MS 
analysis an aliquot was transferred to a 1.5 mL screw top vial, sealed with a screw cap 
with a septum top, and injected directly into the gas chromatograph.  
A.5.9 Catalytic Alcohol Oxidation in the Presence of Base 
 In a representative procedure, a 20-mL scintillation vial was charged with 2 mL of 
a 10 mM solution of 1 in a BnOH/BnO– solution (100 mM BnO–) and stirred under 1 atm 
of air for 15 h. For GC-MS analysis an aliquot was transferred to a 1.5 mL screw top vial, 
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